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FOREWORD

This report was prepared by Rohr Industrics, Chula Vista,
California, for the Structural Integrity Branch, Structures
and Dynamics Bivision, Flight Dynamics Laboratory, Air Force
Wright Aeronautical Laboratory, Wright-Patterson Air Force
Base, Ohio, under contract number F33615-77-C-3033. The work
described herein was conducted as part of the Air Force System
Command's explcratory development program to establish design
criteria for sonic fatigue prevention for flight vehicles.

Mr. H.F. Wolfe and Mr. K.R. Wentz were the project engineers.

This report concludes the work on contract F33615-77-C-3033,
which covered a period from August 1977 to December 1979.

The author wishes to gratefully acknowledge the encouragement
and assistance from Mr. H.F. Wolfe and Mr. K.R. Wentz, the

AFWAL project cngincers: and to Mr. J.A. Mekus of Rohr Industries

for his assistance as test engineer throughout the experimental
phase of the progiam.
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SECTION I
INTRODUCTION

Sonic fatique has become a recognizable and persistent structural design
problem ove: the past twenty-five years. Although not usually a
catastrophic problem in terms of human lives, it has resuited in
structural failures adversely affecting maintenance costs, mission
effectivity and often requiring major structural redesigns. Sornic fatigue
problems have been characterized by a significant degree of inherent
unpredictability that has so far denied the structural designer the
precise analytical tools that are available in other areas of structural
ana1y§is. These limitations have been accompanied by the need for minimum
weight designs in increasingly severe and varied acoustic environments.
This situation has led to the development and application of semi-
empirical design technigues based on Mites' (1) single degree-of-freedom
approach in combination with experimental data from full-scale airplane
tests and laboratory sonic fatigue tests. References 2, 3 and 4 have used
such techniques to develop design nomographs for various types of
structures. References 5 and 6 present much of this work as part of
overall sonic fatigue design guides.

These existing desiyn methcds have been developed for metal structures.
However, recent advanced composite materials development has led to a
wide-spread aerospace application of nonmetallic structures, in the
intcrests of cost and/or weight savings. The most notable of these
materials to date is graphite-epoxy. Although there have been
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investigations into the sonic faticue resistance of graphite
structures(7), there are no sonic fatigue design methods available for
these materials that are comparable to those currently available for most
metal structures. Consequently, it is difficult for the designer to
translate the potential weight savings of graphite structures into a
practical reality with the necessary level of assurance against sonic
fatigue failures. The primary purpose of the program described in this
report was to remedy this by developing a semi-empirical sonic fatigue
design method for both flat and curved craphite-epoxy stiffened-skin

panels.

The program comprised three phases: analytical, experimental and the
development of a design method, The analytical approach consisted of
incorporating composite laminate analyses into finite-element computer
methods in order to determine the static and dynamic response
characteristics of a range of graphite-cpoxy stiffened-skin panels. These
panels were 3 x 3, 4 x 3 and 6 x 3 arays, with various Taminate
thicknesses, stiffener spacings, radii of curvature and ply orientations
represented. The experimental phase consistes uf fabricating and sonic
fatigue testing a range of test panel configurstions corresponding to
those subjected to analysis. Sonic fatique testing was carried out in a
"prugressive-wave tube" with the panels being subjected to random acoustic
loading at grazing incidence. Tike paneis were instrumented with strain
gauges and flush-mounted microphores, and data taken over a wide range of
sound pressure levels. The sonic fatique test program was augmented by
performing shaker tests, with random loading, on sections of skin-
laminates in order to develop random fatigue curves.

The design method phasc of the program attempts to relate the analytical
results and the test data in order to provide a semi-empirical design
method. Measured random strains are compared to those calculated from
Miles' equation, using the analytically determined static strains and

frequencies as inputs. The test results were also compared to values
obtained from the AGARD nomographs(S), with density and elastic modulus
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values modified to reflect the graphite-epoxy laminates. Finally,
"multiple stepwise-regression" analysis techniques were used to develop
empirical relationships between the measured strains and frequencies, and
various combinations of panel configuration parameters and finite element
analysis results. From these regression analyses, & set of design
equations was developed and a design nomograph constructed. The design
method is presented as a self-contained unit (Section IV.5), allowing it
to be utilized independently of the remainder of this report. A worked
example is also presented. Figure 1 shows the program phase/task flow

diagram.

- S e T g T N N I i




weabeLq MOL4 XSeLl/3seud wedboad -1 a4nbig

180434 TvHO TYNIL

S1iHOd3d I¥H0 S1HOd3Y SNLYLS
TYWHOINI 2004 0%y ATHANOW

LHGdIY WYHO0Hd TINId | <=

(INVY) ADOTONHIAL M3IN
40 LOVH LS8 AVACYdd¥ B0 HIINIDNI LOIrOHd
1344V 04 N4 1S3 IN3STYL

“

SLUOJdIH NILLIHM QWY TYHC 40 AH3ANT3EA

: S eemenees * ..... [

]
)
m 110S3H 57Iv.3d
T 1531 NOILYANIWNYLSNI
_ : GNY Nv1d 183t
| . ! _ | S1S3L | o
SHEVHOOWON SNOILYND3 ONY | SCETELNT HIAVHS | _
ND1S30 AQOH13N NDIS30 ! u><;.m>_mmma.mo.§_ NGILYOIHav3 ON
» : NDIS3G FuNLIXI
‘ /NIWID34S 4831
.
[}
." IVINIWIH3AY3 - 1) 3SVH A
L e o o i o 1o i o e e e e e e PR ———— -
]
y : SISATUNY SISATVNY
SISATYNY S1INS3Y 1531 [€ INOILVS AdVNinII3uUd
NOISS3HDIY S3ONVHD ONV TWILLATVNY i Y
I4LINN SISATVYNY | NOSIEV4NO0D t
m SNOILNT0S HILNdWOD SISATVNY
H 3{SATVNY GNY ONIT3A0N [  LYNINVT
QOH13IW NOIS30 30 LN3WdO13A3Q - 111 ISYHd H 3N911LV4 IINGCS < AN3W3T3 3LIN 3.LISOdND?
)
1
1}

SISATVYNY - 1 3SVHJ

[ P P -~ - .- m——t v e




U N R ]

SECTION II
ANALYTICAL

1. INTRODUCTION

This section describes the analytical work performed in support of the
program. A description of general sonic fatigue theory is given in
Section I1.2. The analytical approach consisted of generating a complete
set of elastic properties for each composite laminate used in the program;
these properties were then used as inputs to both the preliminary analyses
and the finite-element solutions. The preliminary analysis consisted of
using Miles’ equation and Reference & to calculate natural frequencies and
dynamic stresses for each of the proposed test panel configurations. This
was done in order to ensure that their expected response characteristics
were compatible with the expected sonic fatigue test envelope. The
finite-element analysis consisted of constructing a series of coarse and
fine grid finite-element models, and using the NASTRAN computer program to
generate a set of natural frequencies and static strains to be used as
inputs in determining acoustically induced dynamic strains. An additional

set of natural frequencies was generated using equations develcped by
Lin(B).

Table 1 lists the panel configurations used in this program. An
analytical comparison was also made between Z and J type stiffeners.
Figure 2 presents a flow chart of the analytical work.
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TABLE 1

TEST PANEL CONFIGURATIONS

Configuration | Number Skin Laminate Stringer Radius of
and of No.of Ply Spacing |Stiffener |Curvature

Number of Bays | Panels |Plies | Orientation (in.? Type (in.)
a (3 x 3) 2 6 (0, #45), 8 lee Flat
b (3 x 3) 2 8 (0, $45,90) 8 Zee Flat
bj (3 x 3) 1 8 (G, +45,90) 8 J Flat
c (3 x 3) 2 8 (07, +45), 8 Zee Flat
cj (3 x 3) 1 8 (02, #45) 8 J Flat
d (3 x 3) 1 12 (0, #45)5 8 lee Flat
e (3 x 3) 2 8 Same as (b) 8 Honeycomb Flat
f (3 x 3) 2 8 Same as (b) 8 Zee 30

g (3 x 3) 2 8 Same as (b) 8 lee 60

h (3 x 3) 1 8 Same as (b) 8 Zee 90

i (6 x 3) 1 8 Same as (b) 4 Zee Flat
j (6 x 3) 1 8 Same as (b) 4 Zee 90

k (4 x 3) 2 8 Same as (b) 6 Zee Flat
1 (4 x 3) 1 12 Same as (d) 6 Zee 90

m (8 x 1) 1 8 Same as (b) 4,5 |Zee Flat
no (3x3) | 1 4 | (0, 90) 8 lzee Flat
p (3 x 3) 1 4 Same as (n) 8 Zee 90

q (6 x 3) 1 4 Same as (n) 4 lee Flat
r (6 x 3) 1 6 Same as (a) 4 Zee 60

s (4 x 3) 1 4 Same as (n) 6 Zee 30
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Figure 2. Flow Chart of Analyticai Work ]

2. GENERAL SONIC FATIGUE THEORY

The central problem in sonic fatigue amalysis is the calculation of
tne vibratory stress levels in structural panels subjected to the random
acoustic excitation associated with jet engine noise, and then to predict
the resulting fatigue life. Since the structural loading is random
(Gaussian), the structural response is also random and multimodal in
nature. It also follows that the amplitude distribution of the random

?4 response must be taken into account in order to determine coryesponding
fatigue lives.

t; The complete response of a complex structure to a random noise field can
he fully described by an equation developed by Powe]l(g). However,
Powell's theory is too cumbersome to be used in everyday desigh and

requires input data that is never available in the design stage of a

vehicle. 1In order to simplify the theory to the level of practical use,
the following assumptions are made:

et e L ENP L SN T 4
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(1) Oniy one mode of vibration contributes to fatigue failure,
and that this mode is the fundamental mode of the individual panel bays.
This mode is usually assumed to be the fundamental fully-fixed mode or the
fundamental in-phase mode, in which adjacent bays vibrate in-phase with
each other, putting the panel stiffeners into bending. Full scale tests
on aircraft have shown this assumption to be generally true.

(2) The vibratory mode shape is identical with the static
deflected shape of the panel when subjected to a uniform static press: -e.

(3) The acoustic pressure is exactly in-phase over the whc:
panel. This assumption is reasonable Yor jet noise excitation of
typically sized aircraft panels. It may not be valiu for boundary-layer

excitation.

(4) The power spectral density of the acoustic pressure is
constant over the frequency range near the fundamental natural frequency
of the panel. It is alsc assumed that the whole of the energy represented
by the acoustic spectrum level at the frequency of the assumed mode of

vibration is used to excite that mode.

These assumptions simplify the structural response equation to the form

developed by Mi]es'(l):
: / 2 = M F c
Mean square stress o?(t) = g— f .G(f )o, (1)
where 4 is the damping ratio of the fundamental mode,

often assumed to be typically 0.017 (Reference b).

f is the natural frequency of the assumed

fundamental mode in Hz.

G(fn) is the spectral density of the acoustic pressure

at the frequency fn.




U5 is the static pressure at the point of interest due
to a unit uniform static pressure over the whole
ov ths panel,

This equation torms the pasis of most design oriented sonic fatigue work
to date, including tne nomogr phs presented in Reference 5. Many of the
simplified sonic fatigue dasign methods ascume fully-fixed panel edges in
the calculation of T, and « . Ir this program, these values were to be
determined from the finite-eleuent solutions, using actual boundary
conditions.

The usual estimating procedure, using Miles' equation is as follows:

a. Estimate the fundamental natural frequency of the panel,
usually assuming fixed edges. Reference 5 provides an appropriate
nomograph for this purpose.

b. Obtain the acoustic spectrum level at the estimated frequency.
NOTE: The spectrum level, L(f.), is the square root of the
spectral density G(fn). Since the acoustic spectrum
level corresponds to the acoustic energy in a 1-Hz
bandwidth, acoustic data expressed in other bandwidth form
must be converted to the spectrum level usirg the following
relationship

L = Sound Pressure Level - 10 Logjg (fp-fy} (2)

where f, and f; are the upper and lower frequency limits, respectively, of
the given bandwidth,

c. Calcuiate o,. Reference 10 gives a simplified equation for

the maximum static stress in a fully-fixed panel.
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d. Calculate o{(t) using Equation 1, assuming ¢= 0.017.

e. Determine sonic fatigue life using specially generated random
fatigue curves. Reference 6 contains examples of random S-N curves,

NOTE: Random fatigue curves can be developed from conventional cyclic
fully-reversed flexural fatidgue curves. This is accomplished by
applying Miner's(ll) cumulative damage law to the Rayleiah
distribution function for peak amplitudes in a Gaussian process.

3. COMPOSITE LAMINATE ANALYSIS

Rohr has several computer programs available for analysis ot composite
laminates. These analytical technigues range trom large general purpose
programs down to simplified procedures used on the desk computers,

The primary general purpose program developed for laminate property
analysis, called CUMPOSITE, calculates the laminate elastic and strength
properties for a specified laminate Tayup. The program may also analyze a
laminate with up to five different materials in the layup, hence, is
useful in determining the properties of hybrid laminates. Uptions for
tiree failure criteria are also included within the program and can be
used to assist in determining laminate fajlure modes. The laminate
anailysis can be performed for combinations of in-plane and bending loads.

The COMPOSITE program was developed with several additional features for
the analysis of laminate properties. [f the laminate fails under the
specified load, one program feature will remove the failed plies from the
tayup and recalculate the laminate elastic and strength properties. This
feature is useful in evaluating nonlinearities due to ply failure and
determining to what degree thc laminate with the failed plies removed can
sustain the load. The laminate stiffness matrix, suitable for direct
input into the NASTRAN finite-element program, is also computed and is
part of the output.

10
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The program can also calculate the buckling coefficients for flat laminate
panels. By selecting the options and inputting panel size. the buckling
coefficient ca: be determined and displayed either in tabular or graphical
printout. A material data bank is also incorporated into the COMPOSITE
program. Material laminate properties are stored within the program and
may be called by identification number for a laminate analysis. This
teature saves time in setting up the computer deck and provides consistent
properties for use on a regular basis. The laminate properties in the
data bank may be updated as necessary to refiect current data.

Material property data for all the skin and stiffener laminates were
calculated and tabulated based on carpet plots in Reference 12. Rohr has
used its "COMPOSITE" computer program and performed laminate property
tests to confirm selected data points in Reference 12. Tables 2 through 6
list the laminate properties generated and used as inputs for the finite
element analyses. Values shown in parentheses are computer generated
values used to check those obtained from Reference 12. Elastic properties
were computed for the skin, skin/stiffener attach flange, stiffener web,
and the stiffener free flange with unidirectional reinforcement. Modulus
values are times 100 (1b/in2).

Effect of Stacking Order
One of the advantages of composite materials is the capability to tailor

structural properties by dictating the number and orientation of plies.
The in-plane strength and elastic properties (E,, Ey, ny) of the laminate
can be readily determined for specified orientation patterns thrcugh the
use of computer programs or "carpet plots." These procedures are
documented in the Air torce Composite Uesign Guide(lz) and other sources.

The elastic properties are customarily used in the structural finite-

element programs, such as NASTRAN (see Section 1I.5).




TABLE 2
LAMINATE PROPERTIES FOR SHAKER SPECIMEN 1 AND PANELS a, j AND r

' 611 622 621 = G12| G633
; £ £ v, E
: , . 1_1_— P AN T—LJ--"
f Laminate Ey L, ny Vix Vey ey Vyx 'TTQ‘y Yok “yy Vyx ny
5 Skin - 75 | 33 | 3.4 | .69 | .31 o9.54 4.2 2.9 3.4
5 (0, + 45)_ (7.3 | 3.3) | 3.2y | (.69) (3.2)
: Skin + attached stiffener
; flange - 45 | 3.1 | 3.9 75 | 50 7.09 4.88 3.54 3.9
1
‘ ! Sty Ffener, web - 24 | 2.4 | as 76 L re | s.e8 5.68 4.32 a5
i . (2.3) | (2.3 | (4.5 | (.76) (4.5)
! !

i Stiffener, free-flange - 10.2 3.0 2.4 .61 17 11.38 3.35 1.93 2.4

-

NOTE: Modulus values are in unils of 106 1b/in.e.

TABLE 3

LAMINATE PROPERTIES FOR SHAKER SPECIMENS 2, 5 AND 6
AND PANELS b, e, f, g, h, i, k AND m

i GI1 GeZ G2l = GiZ [ 633
T E_Y Ey ‘ley EJ'
' :’ Laminate E, & Gy M Yy “Vxy Vyx ]_ny Yyx | Vxy Vyx _E_WL_
1
: Skin - 6.7 | 6.7 2.6 | .3 .31 7.4 7.41 2.3 .6
‘} (0, + 45, 90)S (6.8) | (6.8} (2.6)] (.31) (2.6)
- skir + attached stiffener | 4.75 | 4.75] 3.6 | .49 | .40 6.25 6.25 3.06 | 3.6
l y flang2 -
b
*
¥
i Stiffener, web - 2.4 | 2.4 45.] .76 76 5.68 5.68 332 | 4.5
l.‘ (2.3) | (2.3)] (4.5)] (.76) (4.5)
i “ Stiffener, free-flange - 9.3 w2 2.7 .04 .21 10.74 3.7 2.26 2.7

NOTE: Modulus values are in units of 106 1b/in.2,

12




TABLE 34
- ; LAMINATE PROPERTIES FOR SHAKER SPECIMEN 3 AND PANEL ¢
1
| A
: an 622 G2l ™ 612 T G337 |
i £ E v
; y T U T2
i Laminate By 1B L S [ Vx| %y xy e |y x| oy v | B
! Skin - 9.7 3.2 2.6 .63 .21 11.18 3.69 2.35 2.6
i (02,145)S (9.8) (3.2)] (2.6) | (.63) (2.6}
i Skin + atvached stiffener 6.0 3.3 3.6 A .39 8.3 4.56 3.24 3.6
| flange -
)
, Stiffener, web - 2.4 2.4 4.5 .76 .76 5.68 5.68 4,32 4.5
! \ (2.3) |(2.3)| (4.5) | (.76) (4.5)
iv Stiffener, free-flange - 9.3 3.2 2.7 .64 .21 10.74 3.7 2.26 2.7
|
i NOTE: Modulus values are in units of 108 1b/in.2.
!
i TABLE 5
i
LAMINATE PROPERTIES FOR SHAKER SPECTMEN 4 AND PANELS d AND 1
i _
| G611 Ge? GO =612 633"
' .
' ) b By Sy &
‘_l Laminate £, Ey Sox | Vx| Vay ‘l'“x_y__\'yx 1""xy Yyx 1'“x_y Vox | Gx
‘ (Skin - | 7.5 3.3 3.4 .69 .31 9.54 4.2 2.96 3.4
N 0, + 45
5 - 2s
! ;{. Skin + attached stiffener 4.8 3. 3.9 .73 .5 7.09 4.88 3.54 3.9
e flange -
| |
‘ i!; Stiffener, web - 2.4 | 2.4 45| .76 | .78 5.68 5.68 4.3 | 4.5
i Stiffener, free-flange - 6.2 3.3 3.5 .73 .39 8.67 4.6i 3.38 3.5
i ; i
' 'i NOTE: Modulus values are in units of 106 1b/in.2,
- 4t
ﬂ‘l
’} 13
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TABLE 6
LAMINATE PROPERTIES FOR SHAKER SPECIMEN 7 AND PANELS n, p, q AND «

61 F* Gﬁ“‘“rﬁﬁ“?iﬁ?“rﬁﬁ"“
E E v E
y 5 Y ‘I‘Ky Y
Laminate Ey Ex ny Vyx | Vxy 1_Vx1Ljyx “Vxy Yyx | Vxy Vs gyx_
Skin - 9.4 9.4 1 .65 | .05 .05 9.42 9.42 .47 .65
(g, 90)5 (9.4) | (9.4)1 (.65) {(.04) (.65)

{ - —

. Skin + attached stiffener 4.8 4.8 | 3.2% .4 4 5.7 5.7 2.29 3.25

f flange -

i :
b Stiffener, web - 2.4 2.4 | 4.5.| .76 .76 5.68 5.68 4.32 | 4.n
! \ (2.3) | (2.3)] (4.5) | (.76} (4.5)
' Stiffener, free-flange - |10.2 | 3.0 | 2.4 | .ev | .7 11,38 3.35 1.93 | 2.4

NOTE: Modulus values are in units of 106 ib/in.2,

However, for this investigation where composite structures are exposed to
a sonic environment, additional composite properties are desired. A
laminated structure subjected to a bending load whether applied by a sonic
or structural source requires the use of the inertia or bending stiffness
|4 properties. For laminates, the hending stiffness is defined by the "Dij"
' matrix. The Dij matrix is computed from the individual ply properties
'5 transformed from the specified orientation to the desired stiffness

, direction., The ply lecation from the center of the Taminate is also taken

lf, into consideration. The Dij matrix is therefore written in short notation
. as:
3 )
"-'; 1z 3 3 (3)
{ ". ii 53 k1 @yl (0 - by yT)
. '? The ng matrix is the in-plane stiffness of each ply and i, hK-l provides
i the gecmetric location. The summation provides the bending stiffness of
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the laminate. The position of the ply in the laminate therefore will
dictate the stiffness.

The effect of ply position or "“stacking order" on the laminate stiffness,
(Dij)’ can be determined by using the COMPOSITE computer program. The Dij
matrix results for different ply stacking orders are shown in Table 7. In
the tabie, the D11 stiffness is in the laminate 0 degree direction, the
d12 is the Poisson effect, Dop is the laminate 90° stiffness and Dgg 15
the in-plane shear stiffness. Even the quasi-isotropic layup

(* 45°/90°/0°) ¢ has different values in the laminate orthogonal

directions,

The variability of the Dij factors indicates that stacking order has an
effect upon the performance of composite panels subjected to an acoustic
environment. As an example of the stacking order effect, the natural
frequency of simply supported composite plate is of the form

2
W= e K (4)

—m———

2

2 4

my - 4 022 (%) and

4
_ m
where K = Dy, (EJ + 2 (D]2 + 2 066) (55

py = Mmass density.

Since the stacking order affects only the factor "K', its value was
tabul ited for various laminate layups in Table 8. For a sixteen ply
lami ate, the stiffness factor has a 12 percent variation depending upon
the stacking order.

Complications arose in trying to quantify tha effects of stacking order on

panel response. This is Jiscussad in Paragraph II.5.a.
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TABLE 7

EFFECTS OF STACKING ORDER AND PLY ORIENTATION ON
BENDING STIFFNESS MATRIX

LAMINATE “Dij" MATRIX
GR/EP 3501/AS TYPE

from the reference.

=17 x105 £, =1.7x10%  Ga .65 x10°
No.
Orientation Plies Oy, D2z Dy, Dge
(£45/90,) 5 16 246.01 | 518.74 | 171.32 | 187.87
(£45/0,) 16 518.74 | 246.01 | 171.32 | 187.87
(£45/90/0) 18 181.7 | 413.06 | 171.32 | 187.87
(£45/0,) 16 549.49 | 235.85 | 161.03 | 177.58
(0/90/45). 8 66.407 | 40.48 5.051 |  6.50
(0/90/£45) 1, 24 (1793.1 [1093.0 | 136.4 |183.6
(+45) g 16 265.17 | 265.17 | 202.78 | 216.76
(0,/4455) 20 |1086.3 | 343.28 | 219.18 | 246.5
.q
. Dig = Dpg =0
| ]
- 1 32
»” S E R R (@) (g = ey ™)
k Where G}j is the transformed ply property
L4
|'; and hK‘ hK-l is the distance of the ply surfaces
1

'.' f‘ 16
R
¥
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TABLE 8
EFFECTS OF STACKING ORDER ON NATURAL FREQUENCY FACTORS :
9
4
3
]
i Number of
; Layup K Plies
1
{ . ,
! (¢45/902,25 4514 16 \
(:45/02)25 .5072 16 é
{
(£45/90/0),, .4738 16 i
(45/0,), .5075 16 :
(0/90/£45) .149 8 g
[1
(0/90/£45) 5 .7745 26 i
]
(£45) 4 .4543 16
i (02/«:458)S .6531 20
|
. 2
‘.f" (M Where « =<;—-> K
i !
1
lij
Y
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4. PRELIMINARY SONIC FATIGUE ANALYSIS

Preliminary sonic fatigue analyse: were performed in support of the
design of the sonic fatigue test panels, given in Table 1. These analyses
were made to ensure Lhat the application of these panels in acoustic
environments appvopriately spanned the full rance of aircraft application.
It was also necessary to ensure that the sonic fatigue resistance of the
test pane'!s was within the available progressive-wave tube test envelope.
It is important in a sonic fatigue test program to obtain a gooa spreac cf
respense characteristics, and to obtain some sonic fatigue tailures out in
the 109 to 107 cycle range, without having too many panels fail either toc
gquickly or not at all. The AGARD(5) sonic fatigue design nomographs were
used in this analysis, with the results being modifiec tc take account ar
the elastic modulus and density values for the appropriate skin laminates.
The results are shown in Table 9. A pre-test evaluation of the
progressive-wave tube indicated that endurance testing would be best
carried out in the 160 to 165 dB overall sound pressure level range,
corresponding to acoustic spectrum levels in the 130 to 150 dB/Hz range.
The results show a good spread in both predicted frequincies and rms
stresses.  They also show that almost all of the panels could be expectec
to fajl at an acoustic spectrum level of 150 dB/Hz.

5. FINITE ELEMENT SOLUTIONS

The general sonic fatigue theory described in Section 11.2 utilizes as
inputs the static stresses or strains due to a uniform unit pressure loaa
and the natural frequency of the fundamental in-phase stringer-bending
mode. These stress and frequency inputs were determined for each of the
panel configurations given in Table 1, using a variety of finite-elenent
models in conjunction with the NASTRAN computer program. NASTRAN iS a
general purpose finite-element digital computer program cspecially suited
for the analysis of large complex structures. Its ability to handle a
1arge range of problems has resulted in its adoption throughout the
aerospace industry. This wide acceptance and versatility are the primary
reasons for the selection of NASTRAN as the fundamental analytical tool .a

this program. The uniform pressure load condition is widely used in sonic
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fatigue work since its resulting displacement field closely resembles the
fundamental in-phase mode shape.

The accuracy of finite-element solutions is highly dependent upon the
element size and the applied boundary conditions. Consequently,
considerable effort was put forth in the determination of each. This
involved many iterations before arriving at optimum model configurations.
Due to the nature of the test panel designs, i.e., relatively massive

stiffeners interfacing with thin plates, some difficulty was experienced
in generating the in-phase mode from the dynamic models. Eventually, well
defined stringer-bending in phase modes were obtained for all but two of
the panel configurations (the two 30-inch curved panels, f and s, being
the exceptions). However, the mode shapes for the stiffer panels
exhibited excessive substructure deflections, resulting in low frequency
estimates. This conditioning problem was successfully overcome in the
static analysis.

Finite element models were also constructed for the shaker specimens
described in Section III.4. Ccmputed natural freguencies gave good
agreement with the shaker test resuits, and are given in Paragraph II1.5.d.

a. Analytical Approach - In order to provide static and dynamic
analyses in sufficient detail to support the development of a semi-
empirical sonic fatigue design method, finite-element models were
constructed to represent each of the panel configurations shown in
Table 1. Initially it was believed that relatively coarce grid nodels

would be sufficient for the dynamic analysis. Consequently, models
comprising 2-inch plate elements, with bar elements representing the
stringers and frames, were constructed. These models weve used to generate
a set of static and dynamic solutions. Although primarily intended as
dynamic models, they also provided a good starting point for the static

analysis. The material properties used in these and subSeguent models

were determined from the Rohr composite laminate properties program
"COMPOSITE," described in Section II.3.
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The dynamic results from the 2-inch grid models appeared to be
satisfactory for the 3 x 3 panel arrays; however, it was decided to use a
finer grid for the panels with smaller bays (4 x 3 and 6 x 3 panel
arrays). Models comprising l-inch plate elements were therefore
constructed and a second set of results was generated. The mode shapes
and natural frequencies generated by the 1-inch and the 2-inch models were
in close agreement. However, some difficulties were encountered with both
sets of models in identifying the desired in-phase stringer-bending mode.
Further modeling refinements did not result in significant improvements in
the dynamic solutions, consequently the l-inch ccarse grid quarter models
were used for the dynamic analyses.

As expected, neither the 2-inch nor the l-inch coarse grid models provided
the necessary detail for the static analysis, particularly in high stress
gradient areas. A set of 1/2-~inch models was constructed and another set
of static solutions obtained. Accuracy at the skin-stiffener interfaces
was still considered inadequate. All of these coarse grid models
represented a quarter of each panel array, as shown in Figure 3,

It was then decided to represent the center bay portion of each panel with
a fine grid model, also shown in Figure 3. Because of the Tack ¢f symmetry
of zee stiffeners, these fine-grid models included the stringers on both
of the long sides. The maximum stress in stiffened <kin panels occurs at
the center of, and rormal to, the longer cdges. Detailed accuracy is
therefore of great importance in these aress. This was accomplished by
representing the zee stiffeners as a series of plates (thereby creating
three-dimensional models) rather than as simple bar elements. In
addition, the grid size was optimized by computing the bending moment
distributions from three specially constructed small plate {6 in. by

4 in.) models empioying, in turn, l-inch, 1/2-inch and 1/4-inch grid
sizes. The results were then compared with hand calculations using

(13).

Timoshenko Figure 4 shows the results of the comparison. It can be

seen that 1/2-inch grid size provides accurate results at the panel

center. ELven the l-inch grid has reasonable accuracy at the center of the
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panel. However, the gradient at the puanel edges requires a very fine grid
in order to achieve reasonable accuracy. A compromise between structural
accuracy and practical constraints, such as computer size limitations,
resulted in 1/4-inch elements being selected to represent the skin-
stiffener interface regions. This resuits in an 11-14 percent
underestimate in computed bending moments at the panel edgzs, compared to
the values calculated using Timoshenko. Although a maximum grid size of
0.875-inch was used in some non-critical skin areas, all strains used in
the deveiopment of the design method (Section IV) ware taken from 1/4-inch
elements. There are practical Timitations in combining radically
different element sizes within one model. In order to limit the number of
grid points to within manageable proportions, the smaller elements
(1/4-inch) must have higher aspect ratios than the larger elements
(1/2-inch). Unfortunately, analytical accuracy deteriorates with
increased aspect ratio (above unity). An element aspect ratio of 3:1 is
considered the maximum for reasonable accuracy.

In order to obtain boundary conditions for the fine grid center bay
models, a cubic-spline computer program was writlen to interpolate the
displacement and rotation fields along the interfaces with the 2-inch
coarse grid quarter models. This method assumes the deflected shape which
minimizes potential (strain) energy. Conventional “beam theory" shows
this energy to be proportional to the integral, with respect to the arc
length, of the square of the curvature of the spline. The accuracy of
this approach was verified using the previous 1/2-inch grid model.
Displacement data at 2-inch intervals on the 1/2-inch model were
interpolated to obtain intermediate displacements at 1/2-inch intervals.
These interpolated displacements were within 1 percent of the actual
results from the 1/2-inch model. Initially it was thought that the fine-
grid boundary conditions could be adequately described using displacement
data only. However, when this was attempted with the 1/2-inch model, it
was found that resultant stress and displacemert fields were not
sufficiently accurate. Consequently, it was decided to also include the

interpolated values of the two components of rotation along the bounaary.




This improved the accuracy of the interpolated stresses to within
2 percent of the 1/2-inch model results.

During the subsequent static analysis of the curved panels, it was
determined that additional in-plane displacements were nreeded in order to
fully define the boundary conditions. Flat panels, under normal loading,
do not undergo axial displacements and all the load is taken in pure
bending. However curved panels, under normal loading, expevience both
hoop and bending stresses, requiring the application of in-plane
displacement boundary conditions. A further refinement was evaluated,
which was to apply rotation and displacement boundary conditions to the
out-of-plane zee stiffener elements, in addition to the skin elements,
The effects of this refinement on one flat and one curved panel was less
than 10 percent and have not been included in the results in

Paragreph II1.5.c.

A comparison was made in both the static and dynamic analyses, between Z
and J stiffener designs. A sample calculation using one of the dynamic
quarter models showed no significant differences in natural frequencies
nor mode shapes between *he Z and the J stiffened panels. No further
dynamic analysis of the . stiffeners was performed. Shgnificant
differences between the Z and the J stiffened panels did occur in the
static analysis results, and are given in Paragraph II.5.c.

b. Effects of Skin Ply Stacking Order - Attempts were made to
evaluate the significance of these effects on the computed static
stresses. The previous analyses utilized Rohr's "COMPOSITE" computer
program to generate Taminate elastic properties, which are not dependent
upon stacking order, leaving the bending stiffness (EI) to be computed by
NASTRAN in the usual manner.

.
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Because laminated composite materials exhibit orthotrapic properties, it
is necessary to input the total plate constitutive equation

- Bl b ©

in matrix form to fully describe the behavior of a general orthotropic
plate. Yhere N and M are the applied loads and ¢ and k are the resultant
strains. The A and D matrices define the extensional and bending
sitiffnesses respectively. The "B" matrix detines the bending-extensional
coupling for the laminate. From a practical standpoint this term is
nearly always zero, because ply orientation and stacking orders are
selected to give a "balanced symmetric" layup wiich eliminates bending-
extensional coupling. The bending and extensional constitutive equations

can therefore be showr below:

(N1 = [A] [e] and [M] = (D] [K] (6)

For the isotropic extensional case, NASTRAN computes the constitutive

equations

E
A = Az = o) (7)
-V
Az 7 v (8)
Pge = (rrremy) t (9)
66 20T+
from the data supplied on the PQUAD quadrilateral plate element card

(thickness, t) and on the MAT1 material card (E and v). The remaining

matrix terms are zero.




If an orthotropic material is to be analyzed for axial loading, the MAT2
card is utilized to input the material property matrix "G" terms

S A o miimt

E E
( - Y, etc.). 10 !
(1-vxy vy*j- ]-vxy Vox (10) |

The complete constitutive equations are obtained by the product of this
matrix and the material thickness which is again input on the appropriate
PQUAD card.

i For the isotropic bending case, NASTRAN computes the constitutive

equations
3
Dyy = D2 = ;5%1fv2) (11)
Dyp = vDyy = Dy (12)
Do = é”%ﬁ%é;y (13)

from the same data supplied for the extensional case. If no additional 1
‘M information is suppiied, NASTRAN will also compute the orthotropic bending

s e o -

! N constitutive equations in the same manner (multiplying the "G" matrix
: } terms by the appropriate t3/12 term).

However, the true bending stiffness of an orthotropic taminate is a
function of the laminate stacking order in addition to the laminate

T

nlactic nvrann
Cidovil propd

The constitutive equation for bending (the "D" matrix) can be input into
NASTRAN using the MAT2 card. In this case the "D" matrix must be factored
by the t3/12 term because NASTRAN is programmed to multiply the "G" matrix
by the £3/12 term.
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The Cosmic version of NASTRAN does not have the capability to accept the
complete orthotropic constitutive equation matrix for plate elements.

In many cases, where loading is primarily axial or the laminate has a
large number of plies, the inaccuracies introduced by using the
extensional "G" matrix to compute the bending constitutive eguations is
small and this approach has been used with reasonable accuracy.
Conversely, if the panel has a small number of plies and the loading is
primarily in bending, then the bending "G" matrix can be used.

The Rohr laminate analysis program COMPOSITE outputs the extensional "G"
matrix directly in addition to the "A," "B" and "D" matrices.

In the case of the structural analysis of the sonic fatigue panels. an
attempt has bheen made to input both the extensional and bending
constitutive equation matrices. This was done using the "PQUAD 1" general
quadrilateral element property card which is primarily utilized for the
analysis of sandwich structures. This property card allows for separate
input of membrane (extensional), bending and shear properties.

The extensional information required is the material identitication and
plate thickness. The extensional constitutive matrix can he input by
identifying a "MAT2" material property card containing the appropriate "G"

matrix.

The input data defining the bending propertics are the material
identification and the area moment of inertia per unit width (I) of the
guadrilateral element. NASTRAN is programmed to calculate the isotropic
constitutive bending equations using the input values of I (t3/12), the
elastic constants and the appropriate numerical values. NASTRAN is also
programmed to utilize the "I" value in the computation of the

bending stresses.
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To obtain the orthotropic constitutive bending equations, the bending
material was defined on a "MAT2" material property card containing the "D"
matrix factored by 1/I (12/t3). The complete "D" matrix was then obtaired
internally in NASTRAN using the computatioral procedure defined above.

The results of thi: investigation were inrconclusive, requiring further
study beyond the schedule of this program. No correlation was established
between the stacking order and the effect on computed stresses.

c. Static Analysis - The analysis of the sonic fatique panel
configurations in this program required the construction of detailed
finite-element model- to accurately predict the panel responses to a
uniform 1 1b/in? applied pressure load, The iterations involved in
arriving at cptimum model designs are discussed in Paragraph I1.5.a. The
panel configurations are given in Table 1, and the location of the finite-
element models relative to the entire panel arrays is given in Figure 2.

Although there are 20 panel configurations in Table 1, the final analysis
results in this snction are limited to 18 configurations. Panels "e" and
"m" were eliminated prior to the Tinal computer runs. Because of the wmany
iterations involved in obtaining the final analytical results and the
consequent effects that this had on program schedule, it became necessary
to limit the final analysis to those paneils to be used in the development
of the design method. Panel "e" was intended to evaluate honeycomb beam
stiffeners and panel "m" was primarily intended as a data link to sonic
fatigue test panels, comprising a single row of bays, typically used in
previous sonic fatigue programs. This program utilizes panels comprising
three rows of bays. Geometric similarities aliowed the remaining 16
configurations tn be represented by 10 fine grid center bay models.
Figures A-1 through A-6 in Appendix A show six of these modeis. The
three-dimansional modeling of the stiffeners is clearly seen, as is the
smaller grid spacing at the panel edges and along the center line of the

center bay.
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The 2-inch coarse grid models were used to generate boundary conditions
for the fine grid center bay model, utilizing the cubic spline program
described in Paragraph II.5.a. The unit uniform pressure load was then
applied to the fine grid models, generacing a series of stress
distributions. Although the subsequent design muthod would be based on
maximum edge stresses and/or center bay stresses, it is desirable to know
the displacement patterns and stress distributions over the entire
surface, This was accomplished by plotting isopleths ot the desired
quantities. These are shown in Figures A-7 through A-l8 in Appendix A,
Static deformations, out-of-plane disolacements (Z direction) and stresses
in the "y" and "x" directions are given for panels "b," "d" and "f." The
plots are consistent with expected structural behavior and show the
stiffeners to provide good edge restraint. The stress contours show the
high aradients that exist at the skin-stringer interfaces, demonstrating
the need for accurate modeling in these areas. These plots were generated
prior to some model corrections and the introduction of in-plane boundary
conditions (see Paragraph Il.5.a); consequently, the stress magnitudes on
the plots do not all correspond to the tablulated stresses shown later in
this section.

In determining stress magnitudes at critical locations, it was noticed
that the curved panels exhibited large stress difterences on opposite
faces of the skin elements, indicative of significant axial stresses.
This is logical following the application of the in-plane boundary
conditions to the skin elements, described in Paragraph [1.5.a. Figure 5
shows the locations of the stresses given in Table lU. Stresses an both
skin faces are given for all the curved panels, They are alsc given for
ne flat punels at locciions § and 6. Location 5 is at the center of the
center bay and location 6 is the maximum edge stress. The "y" direction
is across the narrow span and is therefore the critical direction. The
results show the flat panels to be in pure bending and alsy show the
extent of axial stresses occurring on the curved panels. Huwever, during
sonic fatigue testing, back-to-back strain gauges gave equel and opposite

readings, indicative of pure bending on both curved and tlat panals.

TER A
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Consequently, it was decided to separate out the bending and axial stress
components in the analytical results, and to use only the bending stress
component in the development of the design method. Table 11 1lists the
results. Since the design method will utilize strain values rather than
stress values, the corresponding bending strains are also shown in

Table 11.

In order to provide a direct experimental comparison to the analytical
static stresses, a static test was performed on panel “d." The panel was
mounted in the same fixture that was used during sonic fatigue testing and
that was also used to generate boundary conditions for the coarse grid
models. A uniform pressure loading was incrementally applied, from 1 to
7-1b/1‘n2 using an air bag. Strains were measured at each load increment
using strain gauges. Back-to-back gauges were used at the panel center to
measure a:ial strains in addition to bending strains. The strain response
appeared to be nonlinear, with stresses increasing approximately

50 percent for a doubling of load. However, the back-to-back strain
gauges gave readings within 2 percent of each other, indicating pure
bending. It had been anticipated that any nonlinearities in structural
response would show up as membrane (axial) stresses. No explanation is
offered for this occurrence, and no evidence of nonlinear response
occurred during sonic fatigue testing. Because of the nonlinear response,
the comparison with the analytical resuits varied depending upon which
load magnitude was used. At 7 1b/in? the center bay stresses were within
20 percent of the analytical vaiue. The higher the load the better the
comparison. Figure 6 compares the analytical resuits with the one

1 1b/in and 7 1b/in® test values. Although the results from the 7 1b/in?
Toad correspond more closely to the analytical results at the panel
center, than ds the 1 lb/in2 results; the reverse is true at the panel
edges. Another puzzling aspect of this static test was that the biaxial
strain relationship at the panel center was markedly different during the
static test from both the analytical results and froin the sonic fatigue
test results. In the static test, the strains in the long direction were
very small (10 percent) compared to the strains in the short direction.
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The anaiytical results gave a corresponding ratio of 2:1, which is a more
reasonable ratio. The sonic fatigue test results gave ratios a little less
than 2:1. Thus, the static result seems inconsistent with both the
analytical and the sonic fat " ..z tewt results, in addition to appearing to
be less logical, CLonversely, the static test resuits showed the edge
stresses to be apprcximately 85 percent to 90 percent of the center bay
stresses, whereas the analytical results showed the same edge stress to be
approximately three times the corresponding center stress.

Under fully-fixed edge conditicns, the edge stress should be twice the
center stress, thus the static test result appears more logical. The
sonic fatigue test results showed a corresponding ratio very close to the
static test results. It is surprising that the analytical results would
produce a higher stress ratio between the edge and center stresses than
one would obtain under fully fixed edge conditions. In summary, the
static test gave a logical relationship between center and edge stresses,
but an unexplained relationship between biaxial stresses at the panel
center; whereas the finite-element results gave a logical relationship
between the center panel biaxial stresses, but a surprising relationship
between center and edge stresses. The sonic fatigue test results, which
are more typically plagued with inconsistencies, gave logical
relationships for both biaxial and center-to-edge stress ratios.

A set of analytical results was generated using a J type stiffener in
place of the Z stiffcners, for stiffener design comparison purposes.
Since the stiffeners in this program were adhesively bonded to the skins,
the J configuration offers twice the bondea footprint area on the skin
than does the £ configuration.

The static analysis utilizing the J stiffeners was accomplished in much

the same way as with the Z stiffeners. Portions of the previous finite-
clement models were utilizea, except for areas near the stiffeners which
were modified to incorporate the additional f'ange of the J design,

[dentical boundary conditions from ..e z-inch coarse grid model were usea
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and a unit pressure load was again applied. The results for panel "b" are
shown in Figure 7. As expected, the stress distributions for the two
stiffener designs are gquita similar across the majority of the panel, with
the J stiffener effecting a 20 percent stress reduction at the panel
center. The major difference occurs at the panel edge, where the
additional attach flange of the J stiffener significantly reduces the peak
stress by avoiding the abrupt stiffness change at the attach radius of the

Z stiffener,

d. DOynamic Analysis - The dynamic analysis of the sonic fatigue
panel configurations in this program required the construction of finite-
element models to represent a cuarter of each panel array. The primary
purpose of the analysis was to determine the natural frequency and
corresponding mode shape of the fundamental in-phase stringer-~-bending mode
for each panel configuration. The quarter model (shown in Figure 3)
limits modal solutions to those that are symmetric or antisymmetric about
the panel array center lines, thereby excluding certain intermediate modes
that are not of inteiest to this program. The'quarter model does,
however, cover all the bays in one quadrant, thereby facilitating the

identification of a stringer-bending mode in which all bays vibrate

in-phase. Sxin members were represented by the NASTRAN plate element
"CQUAD2." Stringer and frame members were intially represented by bar
elements,

Problems were encountered in identifying an in-phase stringer-bending mode
for certain panel configurations, particularly those panels having greater
stiffness due to curvature and/or close stringer spacing. In such cases,
the response was dominated by deflections of the substructure to the

extent that compuled frequencies were not responsive to changes in skir

thickness. In addition, it was not possible to distinguish between
overail panel-array modes and coupled "bay" modes. Such structural

behavior would be typical of panels having inadequate stiffening members,
incapable of properly serving as panel breakers. However, both the static

model results and measurements made during sonic fatigue testing showed
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the stiffening members to be adequate and to properly break up the overail
panel arrays into their individual bays. This modal identification
problem was therefore assumed to be related to the finite-element models,
the NASTRAN plate elements or even fundaental analytical problems
associated with finite-element techniques. This type of problem is not
confined to this program. Previous sonic fatigue programs have
reported(z) similar difficuities regarding the dominant behavior of
substructure in the dynamic analysis of skin stringer structures using
finite-element techniques. The problem is compounded in curved panels by
the inherent limitations of flat finite~elements to represent highly
curved structures, NASTRAN does have available curved plate elements.
However, advice from several sources, including AFFDL, cautioned against
using them.

Variocus attempts to solve the problem were undertaken. NASTRAN has three
dynamic solution methods available: "Inverse-Power," "Givens" and the
"Determinant Method." The "Inverse-Power" method was being used when the
modal identification problem was encountered. The other two methods were
consequently tried; however, the results from all three methods were
strikingly similar. Many of the mode shapes obtained during this exercise
were observed to be similar to those generated in Reference 2.

Finite-element methods and computer programs such as NASTRAN are known to
experience mass conagitioning problems when analyzing thin sheets
reinforced with relativeiy massive stiffeners. This aspect of the problem
led to us'ng dynamic medels similar to the cearse grid quarter modzls used
in the static analysis, combined with representing the stiffcners as plaie
elements as in the fine grid three-dimen tonal models used in the stalic
analysis. This resulted in a significant uaprovement in the generaticn of
the in-phase stringer-bending mode for all but the two 30~inch curved
panels (f and s). These .wo panels failed to g .erate recognizable
in-phase modes. QOther panels that had previously failed to generate this
mode (d, i, j, 1 and v) now prnduced an in-phase mode, but with axcessive
stiffener deflections and at unreasonably low freguencies, The
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compatibility of test frequencies with fully fixed frequencies, calculated
using Reference 5, confirmed that the problem was with the finite-element
analysis results. Figures A-19 through A~Z4 in Appenaix A show six of the
ten models.

A further refinement of the model was then made. Previously, the
stiffener skin interface had been modeled witn a series of single elements
whose properties were composed of an homogeneous superimposition of the
individual skin and stiffener flange properties. It was thought that the
interface between the massive stiffener element and the thin skin element
could be the source of mass ill-conditioning., These areas were therefore
remodeled with the frame and skin elements individually represented,
Connection between the two was provided through the use of multipoint
constraints (MPC) that enfeorce displacements of egqual magnitude, normal to
the panel, for pairs of adjacent grid points. This required some
resequencing of grid points, which resulted in a significant increase in
the stiffness matrix bandwidth. The problem was overcome by using a
preprocessor program that resequenced the grid numbering. The results
from this effort were disappointing, nowever, with no improvement in the
dynamic response of the problem panels.

Another area of concern in the dynamic analysis was the sensitivity of the
results to the boundary conditions applied to the test panel fixtuve
frame. Ouring sonic fatigue testing, both steel and aluminum frames were
used on selected panels. Also, changes were made in the elastic
restraining forces acting on the panel-fixture assembly. Neither of these
variations influenced the dynamic resporse of the test panels. However,
the analysis results were found to be highly dependent upon such

42
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tions. It wes aisoc noted that the fixturc frame had much greater

vari
predicted deflections from the analysis than occurred during testing. The
reasons for this inconsistency are not known. [t was decided to reduce
the influence of these boundary conditions and the fixture displacements
by modifying the finite-element models to eliminate the out-of-plane

motion of the fixture. This resulted in changes in response frequencies,
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but did not clarify the modal identification problems. The final dynamic
results were gererated with this fixture motion eliminated.

Although some analytical difficulties remained unsolved, the majority of
the panels produced well defined in-phase stringer-bending modes, many of
them occurring in the expected freguency range. Figures A-25 through A-28
in Appendix A show the first four mode shapes for panel "b." The

frequency progression of these four nicdes is interestingly consistent with
the elastic properties of the panel and its boundary conditions. The bay
having the maximum response is seen to snift in turn from that of least

P

fixity (center bay), to that bay with one shoru side restrained, to that
with one long side restrained and finally to that bay with two sides
restrained (corner hay), with increasing frequency. 1t is also clear that
Figure A-25 is the desired in-phase striager-berding mode, occurring at
171 Hz. A list of the complete set of dynamic selutions is given in

Table 12. No solutiunc arc otffered tor pancls " and "s." The Yirst
four modes obtained for panel "f" are shown in Figuraes A-29 throuyh A-32

in Appendix A. The first modes are first order modes within =2ach bay, hut

,':;d all contain a combination of n-phasce ana vut-of-phate components. The

S fourth mode {Figure A-32) shows the first cf the second-oruer modes. Cre
L last attempt wa: made to force @ first-.order in-pnase moue by tforcing an

: . in-phase displacement at the center of each bay. Under Lhis condition the
;o ,4 moacl did not generate a solution (nu roots were found). This confirmed

‘ that the desired mode was not simply being missed in the modal seorch

1‘ ’ i! procedure, hut was actually nonexistent within the analytical framwework

' presented here,

Early in ihe program, finite-elenent nodels were consirucivd Lo represent
{' the shaker specimens. The purpose of these models was to ensure that the
shaker specimens were designed to fall within the test envetope of the

shaker to be used and to avoid having shaker test specimens with torsional

-

and bending modes too close tojether. It was important in the shaker test
program to avoid exciting torsional modes. This analysis also sarved as

an indication of the accuracy with which NASTRAM, combincu with the
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TABLE 12

TABULATED RESULTS OF NATURAL FREQUENCY SOLUTIONS

Panel Panel ] Panel Panel
1st Bending | st Bending | Ist Torsion { 1st Torsion
Panel |Frame Free | Frame Fixed | Frame Free |Frame Fixed |Panel Description
_ (In-Phase) | (In-Pnase)
a 139 - - - 3 x 3 Flat
b 17 - 177 - 3 x 3 Flat
C 179 - 187 - 3 x 3 Flat
d - 246 271 275 3 x 3 Flat
f - - 464 463 3x3IR=230
g 398 - 285 - 3 x3R=60
h 318 - 236 - 3 x3R=290
i - 305*,332* 570 570 6 x 3 Flat
J - KLY 611 612 6 x3R=290
K 302 - 76 312 N2 4 x 3 Flat
1 347* 317+ 520 520 4 x 3R =90
n 94 - - -~ 3 x 3 Flat
p 219 - 160 - Ix3IR=90
q - 299 330 353 6 x 3 Flat
r - 348* - 483 6x 3R =060
s - - 372 350 4 x 3R=30
I
*Significant Stringer Movement
42
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laminate properties generated by the COMPOSITE program, would represent
the composite laminates used on this program for the sonic fatique test
panels. Figure 8 shows the finite-element model used to represent the
shaker specimens. Table 13 gives the first four plate bending modes for
the shaker specimens described in Section III. Hand calculated values
using Den Hart09(14) are shown for compavison. The hand calculated values
assume the zee stiffener to represent a fully-fixed support, resulting in
slightly higher values thun the first anti-phase mode. The tact that the
first in-phase mode frequencies are higher than the hang calculated values
is probably due to stiffening effects of the zee along its attach flange,
which effectively shortens the length of cantilevered skin. Figure 9
shows the first six modes for shaker specimen type 2. In the shaker
specimen analysis, the terin "torsion" refers to the skins twisting out-of-
plane and not to stringer torsion. ThueSe results show the torsion and
bending modes well separated. Table 14 shows a comparison of the first
four skin bending mode frequencies with measured values on the shaker
table. The relatively close agreenment between measured and calculated
values even for the higher order modes is indicative of a sound analytical
approach.

This early optimism turned out not to be fully justified when analyzing
the more complex multi-bay panels, as discussed earlier in this section.

This concluded the dynamic analysis using the finite-element models.
Because of the progressive underestimation of computed freguencies with
increasing panel stiffness, these computed frequencies are thought to be
unsuitable for use in developing a sonic fatigue design method. In order

to present alternative frequency prediction techniques, some additignal
dynamic analysis was performed and the results are presented in
Section II.6.

- e s e et
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re 8. rinite Element Model for Shaker Specimens

TABLE 13

NATURAL FREQUENCIES OF SHAKER TEST SPECIMENS

HASTRAN Generated Frequencies (Hz)

Panel Anti Phase Modes In Phase Modes“
Number | First Second | First | Second
1 40 254 61 346
246 58 352 77 438

3 56 366 89 505
4 81 507 122 692
5 73 399 74 455
7 33 203 45 253

Hand Calculated
Frequencies
(Den Hartog)
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Panel Configuration (Not to Scale)

—

Mode Shapes (Not to Scale)

) ! No. 1 Plate Bending (f = 58 Hz) - First Anti-Symmetric Mode
i
} ’ - —

i /_,._———-—"—-_.J—

No. 2 Plate Bending (f = 77 Hz) - First Symmetric Mode

\\ /
\—3__ -

No. 3 Plate Torsion (f = 220.5 Hz)
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No. 4 Plate Vorsion (f = 352 Hz) /
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No. & Plate Bending (f = 438 Hz) - Second Anti-Symmetric Mode

No. 6 Plate Bending ( f = 423.4 Hz) - Second Syrnmetric Mode
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Figure 9. Mode Shapes of Shaker Specimen No. 2
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between different stringer properties and designs. Differential equations
'd are used to represent flat and curved panels. The flat panel equation is
- derived from a well known fourth order equation of motion, applying
\ Levy' 5(15) solution and appropriate boundary conditions tn develup the
following equation for the frequency of the in-phase stringer-bending

‘ B T o o L - - Ve mete ONSNS,  — s S REAREE

i
?‘. TABLE 14
¢ ; COMPARISON OF MEASURED AND CALCULATED FREQUENCIES
b ! FOR SHAKER SPECIMEN TYPE 2
% Calculated Frequencies (Hz) Measured
i — 4 Frequencies
| Mode Shape Original Model (Hz)
' First anti-phase 58 65
:
E- i First in-phase 77 91
i ' Second anti-phase 352 443 .
! ! Second in~phase 438 534

'
N
.‘ 6. ADDITIONAL FREQUENCY ANALYSIS ]
' Because of the unresolved difficulties with the dynamic analysis using
finite-element techniques, it was decided to generate a set of solutions
for the in-phase stringer-bending mode, using a set of equations developed

, by Lin(8). Lin's approach utilizes differential equations applied to a
) row of continuous panels. By treating the skin and stringers as integral [
é parts of the structure, the method utilizes stringer properties in
; addition to skin properties, thereby facilitating accurate comparisons %
1

‘f - mode:

k k
2 .
k1 sinh ~2- “:b . (nm) pb/\w } €os -5~ - 2 ;[3) k23 sin —22—}
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where

' 172 -
k, =b hepe 21y
o P P%<:D ) G%Q J (16)

= cross~-sectional area of stringer
= bending stiffness for skin, Eh3/12(1 -v &)
= modulus of elasticitv of skin material

and

Ep = modulus of elasticity of stringer material

I, = moment of inertia of stringer cross section

m, n = positive integers

W = natural frequency for flat continuous panels, radians/sec
t = time, sec

b = width of individual panel

h = thickness of skin

R = length of individual panel

p = mass density of skin material

Ph = mass density of stringer material

The curved panel solution is obtained by expressing the strain and kinetic
energies in terms of generalized coordinates. The equations of motion are
then derived by a Lagrangian formulation.

The results of this analysis are shown in Table 15. For canvenience,
trequencies calculated from AGARD design nomographs(sj. the finite~element
models, Lin's equations(a), and the sonic fatigue tests are al) presented
for comparison purposes. It is not known why Lin's equaticns failed to
generate solutions for panels "j" and "1." It is interesting to nate that
Lin's equations gave unexpectedly high frequency values for the 30-inch
curved panels (f and s); the same two panels for which the finite-element
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: TABLE 15 ¥

. \ COMPUTED AND MEASURED NATURAL FREQUENCIES ;

T I T T ] .

i ) Frequencies (Hz) ] v

| : oo .S_k-i'n'p 'Stf‘if]qcu" Radius of [ (5) TTTTTTUTTTTI ’ ';

; N . Thickness | Spacing Curvature Agard® . (8) } .

| Configuration | *t* (in.) | "b" {in,) | "R" (in.) | Fully Fixed | Nastran | bin'®’ | Test | g

i', a .033 8 I hat 160 139 151 143 -

] l b .044 8 flat 202 171 177 170 {

| d .0bb 8 Fiat 308 240 281 340 it

! ¥ .044 g 30 824 - 1,208 505 _

| g 084 a 60 510 398 583 350 ;

| ) h .04 8 90 35 318 363 290 b

i' i .044 4 Flat 674 332 554 800 ; :

I j .04 4 50 124 340 - 950 ¥

v E k 044 b Plat 312 300 292 180 9
1 .06t b 90 b3 347 - 680 >
n .02? 3 tlat 120 94 101 140 ¢
p .02 8 90 a7y 219 447 180 ? Z

.022 4 Flat 409 299 363 370 r

r 033 8 60 782 348 462 780 L
s 022 6 30 28 - 1,366 380
........ . , N R SN N

}

!

|

L

| analysis failed to generate solutions. It is also interesting to note

-2‘ that of the three sets aof calculated frequencies, the AGARD nomograph

, 'Il results showed the best correspondence to the test results,
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SECTION I1I
EXPERIMENTAL

1. INTRODUCTION

The purpose of the experimental program was to provide the empirical
data base for the design method described in Section IV. This phase of
the program consisted ot designing and fabricating a range of shaker test
beam specimens and "progressive-wave tube® (F.T) multi-bay test panels.
The multi-bdy panels covered a range of stringer spacings, skin laminate
thicknesses and radii of curvature typical for aircraft application. The
cunfigurations are shown in Table 1. They were instrumented with strain
gauges and microphones and Lheir response characteristics meosured over a
wide rangs of scund pressure levels, before being tested to tailure, The
shaker iests augmented the PWT tests by providing additional random
fatigue data for the composite =zkin lTaminates usszd in the multi~bay panel

designs.

2. TEST SPECIMEN AND FIXTURL DESIGN

a. Progressive-Have Tube Test Panels -~ Twenty-seven multi-bay
test panels, comprising =ighteen configurations, werc desigrea ano
fabricated for subsequent sonic fatigue testing in a progressive-wave
tube. Seven of the configurations hed dupliicate panels ond one
configuration (m) was a reference panel. The reference panel provided a
data Tink to a sel of existing Rohr test panels, which were also tested in

this program.
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These existing panels inciuded an aluminum skin-stringer panel to provide
a data link between graphite and aluminum panels. The configurations of
the new panels are listed in Table 1. They comprise flat and curved
graphite-epoxy skins, ranging from 4 ply (.022%}) to 12 ply (.066"),
stiffened with adhesively bonded graphite-epoxy Z stringers and longerons
in 3 x 3, 4 x3 and 6 x 3 panel arrays. One configuration (e) had
honeycomb beam stiffeners and two configurations (b and c) had additional
panels fabricated with J stiffeners, thus facilitating a comparison
between different stiffener designs. Figure B-1 in Appendix B shows
engineering drawings of the test panels.

The overall test panel size was kept constant (24-inch by 36-~inch) in

o N e e T8 D f

order to minimize tooling and test fixture costs. Ten of the
configurations consisted of nine 8-inch by 12-inch equal size bays in

3 x 2 arrays. Ten configurations were flat and eight were curved, with
radii of curvature of 30-inch, 60-inch and 90-inch. These curvatures
cncompass radii ranging from small aircraft nacelles through to wide body
fuselages. Five different skin Taminates were used, two of which

(b and c) had the same numbe» of plies but with different orientations.
This served to isolate the effects of ply orientation for a given number
of plies. HWith the exception o7 the reference panel (m); 4-inch, 6-inch
and 8-inch stringer spacings were used in 6 x 3, 4 x 3 and 3 x 3 arrays
respectively. Panel e had honeycomb beam stiffeners, utilizing a
nonmetallic core material. This is a lightweight, low cost stiffening
corcept whose sonic fatigue resistance relative to the more conventional
L stiffeners is of considerable interest. Thus, with 27 panels, a

7 L o har 4 iy et -r.._ T Tt e

comprehensive range of design parameters were covered, with duplicate

panels of some configurations provided to check test repeatability and tu

provide more reliable fatigue data points. The panel parameters (stringer
spacing "b," laminate thickness "t" and radius of curvature "R") were
varied such that any two parel responses can be related hy varying one
paraneter at a time, thereby facilitating a cuantitive identification of
the parametric cause of the difference in response.
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The reference panel (m) comprised a single row of bays, duplicating the
panel geumetry of the five existing Rohr panels, shown in Figure 8-2 in
Appendix B. Panels 1 and 5 provide a direct comparison between aluminum
and graphitc aulti-bay structures. Panels 2 and 3 are identical
unstiffened graphite panels, representative of a current nacelle structure
in commercial service on an experimental basis. Panel 4 had a single

honeycomb stiffener.

b. Stiffener Design -- Three types of stiffeners were evaluated
in this progran; graphite epoxy Z and J section stiffeners and honeycomo
beam stiffeners with graphite reinforced caps. The program concentrated
on the I stiffeners which are widely used on aircraft structures. The
J stiffeners were included because of their ability to reduce edge
stiesses (compared to a Z) for minimal cost and weight increase. In
aluminum structures, Z stiffeners are inexpensively formed, whereas
J stiffeners have to be more expensively extruded or machined. In
graphite structures, however, both stiffener types are similarly
fabricated. Consequently, the J section is a more cost effective design
in graphite than in aluminum. The honeycomb stiffeners, as mentioned
eariier, were included for their low cost and low weight advantages.

Stiffener details are shown in Figure B-1. The Z and J stiffeners were
constructed from % 45 deg. graphite epoxy laminates with unidirectional
fibers buried in the free flanges. The number of ¥ 45 deg. laminates were
varied from configuration to configuration in order to provide the
appropriate stiffnesses for their respective skins. The Z stringers were
1-inch deep and the longerons were 1-1/2-inch deep. Their stiffnesses

were designed to ensure that they effectively served as panel breakers.
This was accomplished by using Reference § Lo calculate their fundamental
in-phase stringer-bending mode fregquencies, and comparing the results with
corresponding fully-fixed frequencies of individual bays calculated using
Reference 5. If the stiffeners have adequate bending stiffress, the
freguency of the stringer-bending mode will approach the fully-fixed
value. The results of this comparison can be seen in Table 15, and show
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the Z stiffeners to be effective. At stringer-longeron intersections,
continuity of the attached and free flanges was maintained for both
stringers and longerons. The webs of the stringers were also continuous
and were clipped to the webs of the longerons, which were partially cut
away. Titanium clips are shown in Figure B-1. These were later changed
to steel following some clip failures during the first senic fatigue
tests. For the honeycomb stiffeners, the intersections consisted of
huneycomb core splices with a foaming adhesive locally applied. The
graphite caps were continuous. At the edges of the panels, the attach
flanges of the stiffeners extended under the test fixture frame and the
upstanding stiffener webs were clipped to the fixture web. Figure 10
shows a photograph of a honeycomb beam stiffened panel. Examples of zee
stiffened panels are shown in Fiqures 29, 30 ang 31. For cross reference
purposes with Section Il of this report, the stringers run in the
X-direction and the longerons in the Y-direction.

c. Progressive-kHave Tube Fixture Design -- The test panels were
terminated by relatively stiff channel sections, shown in Figure B-1.
There were two fixturing approaches considered in this program. One was
to bolt & picture frame/panel assembly rigidly to the progressive-wave
tube (PWT). The other was to suspend a stiff picture frame/panel assembly
on captive wires. The former approach more closely approximates 7Fully-
fixed edge conditions, which is more convenient when the test results are
to be compared to simplified analyses where fixed edges are usually
assumed. Thic approach has the disadvantage of the pane! response h2ing
affected by vibrations in the PWI itself. The latter approach eliminates
any response interference from the PWT and allows the fixture to be
accurately represented in the finite-element models. Since the fixture is

ially in the PHT, its boundary conditions are able to

constrained only spat
be accurately represented in the analysis. The latter approach was chosen
for this program. An additional advantage of this approach was that it
was a relatively simple matter to remove a panel from its frame and
thereby make response measurements under two different boundary
conditions, in order to evaluate their effects. A set of steel frames was
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added to the program as back-up fixturing should the aluminum frames
experience any sonic fatigue damage. This did, in fact, occur on one of
the curved panels, and the steel frames were used for the remaining curved
panels. Sowme panel response data were taken in both tne steel and
aluminum frames for comparison purposes. The test fixturing arrangement
is discussed further in Section III.5, and can be seen in Figures 22 and
24.

d. Shaker-Test Specimens -~ Eighty-one shaker test specimens were
designed and fabricated. Figure B-3 in Appendix B shows the specimen
details. The specimens consisted of 3-inch by 10-inch sections of skin
laminates, with stringer sections attached across the short dimension.

The specimens represented each skin-stiffener combination used on the
multi-bay test panels. A set of specimens having the stringer riveted to
the skin was included to provide for a fatigue life comparison with bonded
joints. The shaker specimens were intended for tatigue testing theé skin-
stringer joints in order to develop fatigue curves to augment the
progressiveé-wave tube test results., This objective was not fully realized
due to some adhesive bonding quality problems encountered early in the
program. These problems and their effects are discussed in Sections [II.3
and {11.4.

The fixturing for the shaker tests was originally a simple tee section,
15-in. long, accomodating five specimens at a time. The upstanding webs
of the Z stringers were mechanicdally Tastened to the upstanding leg to the
tee. The assembly was then simply bolted to the shuker table for testing.
This fixturing was later changed when the shaker test program was nodified
as a result of the adhesive bonding problems mentioned above. The changes
are discussed in Section Il1.4.

3. TEST SPECIMEN FABRICATION

Fabrication of the sonic tatigue test panels involved the manutacture
and assembly of graphite epoxy skins and stiffeners fabricated from
Hercules AS-3501 Pre-Preg. The skins were laid up and cured, on a flat or
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curved tool as appropriate, from 12-inch wide graphite tape. Cach ply was
oriented with respect to a reference direction in order to build up the
desired panel stiffness properties. After cure of the skin, the
stiffeners were attached in a secondary bond cycle using 3M's AF147

adhesive.

Tin Z and J stiffeners were 1aid up and cured on a separate tonl. Layup
of these stiffeners included % 45 deg. plies, from the flanges through the
web, for shear stiffness and strength. Additional unidirectionai fibers
were added to the free flanges of the stiffeners for bending stitfiness and
strength. Following adhesive bonding assembly with the skin, the
stringer-longeron intersections were stabilized with angle clips, wnich

were mechanically fastened in place.

For the sandwich stiffened panels, the stiffeners were Fabricated in place
on the skins by cocuring the core-to-~skin ana cap-to-core bonds
simuitaneously with the cure of the cap. Since the inngerygns utilized
deeper core than did the stringers, the caps for both were continucus
across the intersections. Tne only tie then required at the intersactions
was a foaming core splice adhesive, cocucd with the remainder o¥ fhe
stiffeners as described abrve., Fiber orientation in the caps was

primarily unidirectional.

A1l panels required an edge buildup to allow for mechanical fastening in
the test fixture. This was accompiished as part of the Tayup and cure of
th2 panel skins. Provisiors were also made tor attachment of the ends of

the stiffener webs to the fixture,

Fabriciiion of the shaker specwmens was basically the same as for the
sonic tatigue test panels. For the shaker specimens, however, it was more
efficient to fabricate several large panels and subsequently cut them into
the required size for the individual specimens.

< iR IRy




A quantity of 25 basic tools plus 2 rate tools were designed and
fabricated. Tooling for the shaker specimens was minimal, with only two
assembly bond jigs and one 2 section layup tool required. The flat sonic
fatigue panels required eight tools. The remaining 16 tools were for the
curved panels.

Figures 11 through 17 show photographs of the tools and layup. Figure 11

shows the bond jig for the zee layup. The zees were made by cutting hat
sections in half. The beam in the center of the tool is for the hat

{ layup. Around the edge of the tool is a rubber tube honded in place with
RTV. This acted as a vacuum scai for the rubber bag (Figure 13).

Figure 12 shows the same tool with the graphite-epoxy fabric laid down frr
the hat section. Figure 13 shows the tool with the silicone rubber bag in
place. This was a reusable bag, which effects cost savings and improves
laminate surface condition, as compared to using disposable bugs.

Figure 14 shows a pair of cured hat sertions. Figure 15 i5 an assembly
tool, which was used to locate the zees on a skin laminate. The two
beams, when holted down, locate the zee section. Figure 16 is the

.erresponding locating tool for the honeytomb stiffeners., Figure 17 shows
a layup of graphite/epoxy prepreg for the skin elements.

?

E Coupon tasts were performed on each layup to determine resin content,

?H Q‘ density, fiber content and void content. Two 1-inch square coupons were
;f - used for each Tayup. Ultrasonic C-scans were performed cn each specimen
j to check for bondline voids.

During specimen fabrication, problems were encountered in two areas. The

‘
' "2 first problem occurred in the layup of the 2¢e stringers and longerons
l'] The bond tool failed to generate adequate pressure in the zee radius to be
J. \ ' ? adjacent to the skins. As a result, this radius had sporadic areas of
: f : surplus resin and resin starvation. This bond pressure deficiency _
. .j resulted in inadequate interiaminar strength. In addition, excess rcsin i

p areas are prone to surfagce cracking, which in turn can result in premature
] . s . 4 .
ﬁ fatigue crack initiation under the kind of severe test conditions for
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which these specimens were intended. “1though there were no reliable
criteria for the strength requirements in the stiffener radii, the fact
that zee st.ffeners are not synmetrical sections and can be expected tn
experience some rotation under random acoustic loading conditions, led to
them being rejected as unsuitable for sonic fatigue testing. The bond
tool was then modified to provide more effective throw-in blocks in the
radii, and a set of good guality stiffeners was then fabricated. Although
this prablem did not affect the sonic fatigue test panels, som2 of the
shaker ~pecimens had already been completed before the problem was
discovered. The effects that this problem had on some of the shaker test
rasults are discussed in Section III.4.

A second, and more serious, piroblem was discovered during the early shaker
tests. The first specimens tested (see Section 1II.5) experienced
premature failure in the adhesive joint between the stiffeners and the
skins. This caused considerable concern, since the fabrication of the
shaker specimens had been cocmpleted, and fabricatien of the muiti-bay
parels was in progress, with some of them already completed. Visual
examination of the failed adhesive joints revealed excessive porosity in
the adhesive, This type of porosity, consisting of a Jarge number of very
small voids, does not show up on ltrasonic C-scans. In addition, there
was no graw.ite fiber pull-ou* around the failed joints. Fabrication of

the wlti-bay panels was then suspendad, and a thorough irvestigation of
the adhesive bonding problem - as initiatad. The investigation centered on ]
ar ~vamination of the bonding process, but aisc included a reevaluation of
AF.%7, the adhesive selected for this program. AFi47 is a tough,
elartomevric adhesive with high peel strengtn., It 15 used extensively on

he F16 airplane and has good strength properties over tiic temperature i
range vor whirh graphite-epoxy structures are considered suitable. It is, i
how. e, an adhesive that is particularly susceptibie to moisture during
facricaiion
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The initial investigation of the bonding process and the condition of the
adhesive revealed a higher moisture content than was considered
acceptable. An additional batch of shaker test specimens was fabricated
after additional storing of the adhesive in a dessicator ir order to
eliminate any moisture. Some of these specimens were statically tested by
simply pulling the skin and stringer sections apart. A 10 percent
increase in static strength was obtained, compared to the original shaker
specimens. Comparative shaker tests were then carried cut. Some riveted
specimens were added to this comparative test, in order to provide a
reference to which the bonded specimens could be compared. The results of
this comparative testing were disappointing. Although the "dried"
adhesive produced significant fiber pull-out upon failure, the fatigue
life did not significantly increase. Table 16 shows the results.

As a resuit of this adhesive problem, and also because of the extreme
importance of stiffener and skin iaminate quality, a thorough
investigation was carried out to determine the history and quality of all
the soaic fuligue pang, .omponents and assemblies, including aaditional
assessments of adhesive bond quality. The following tasks were performed:

(1} The weight percent of resin and veid percent by volume of all
skins were determined and tabulated. The results are given
in Table 17. Acceptance criteria for this program required a
resin content of 27 percent. Consequently, skins bl and cl
were rejected. q was considered marginal at 26 percent.
However, the flatwise tensicn tests performed on the rejected

(2) Sections of 2 stiffeners were cut, mounted and photographed.
The zees made on the original tool were found to be resin
rich. However, the zees used for the sonic tatigue test
panels were found to be representative of production quality.
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TABLE 16
4
b I SHAKER TEST RESULTS FOR ADHESIVE EVALUATION
i
H . Overall RAMS
i Speimen Strass |avel Cycles to
(Al 1ype 2) (1b/iné) Failure
) Riveted 7,370 234,000
: Bonded - dried 8,040 3,000
1
i onded - dried 6,432 6,000
| Banded - original Gauge Lost 5,400 {
i
! . Bonded - oriyinal 2,179 5,400
P ; i
]
1
1 A ]
|
! 1
. L]
i i TABLE 17
| -
, i VOID AND RESIN CONTENTS OF SKIN LAMINATES 1
! Average Average Average ‘
i skin No. Plies  Resin (1)  Void (3) Density (1) ]
B a-1 5 25 .64 1.6 !
i a-2 6 29 47 1.60 1
i b-1 8 24 1.20 1.63
b b-2 8 3 -0- 1.6 .
-1 8 24 1.29 1.63 '
1
(-2 8 29 AT 1.60 :
d 12 2 Y 1.63 X
! e-1 8 33 .76 }.58
! )‘ o-? H 30 21 1.60 ‘
f-1 8 31 .57 1.59
. 12 ) n .86 1,59
i g-1 8 &9 575 1.61
n-2 H 27 .19 1.67
° N h il 29 1 1.6
.} i 4 33 03 1.58
i ' il d 6 27 155 1.63
! ¢ k-1 " i -0- i.60
P k-2 8 N 765 1.58
l ¥ 1 12 23 224 1.0l
‘\ . m 8 24 16 1.62
: n ] 28 1.37 1.60
, p ] 27 63 1.63
. 3 g ¢ 26 .bH 1.62
“ . r 6 29 3k 1.62
. P s 4 77 1.595 1.59
1
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(3) Flatwise t 1sion tests were performed on the rejected cl skir
laminat.: ani on a specially fabricated d (12 ply) laminate.
The results are given in Table 18. They show the ¢ laminate
to have comparable strength to the d laminate, indicativg the
percent resin content criterion to be conservative.

(4) A range of shaker specimens were fabricated using differeni
adhesives and different processes, for comparison with the
original specimens. The adhesives used were AF147, the
current selection, and FMIOOC. FM1000 is an older adhesive
that has excellent strength properties and is easy to use.
However, it is environmentally susceptible and is not widely
used in production. It is, however, an excellent reference
adhesive. Using two plies of AF147 was also evaluated.
Table 19 shows the results of the static tests and Table 20
shows the shaker test results. The AFl47 was found to have
superior static strength, but FMI000 did better in fatigue.
It was also ciear that a second ply of AFl47 resulted in a
significant improvement in fatigue life.

Following the above tests, the tailed static and shaker test specimens
bonded with AF147 were found to have porosity uniformly dispersed in the
weave pattern of the knitted fabric in the bond line. Additicnal testing
was then performed in order to determine the cause of this porosity.

These tests included the comparative evaluation of (1) solvent wiping
subsequent to grit blasting, (Z) no solvent, just dusting with a clean dry
cloth, {3) an evaluation of the amount of vacuum used during baqging and
curing, (4) oven drying of composite details and glass cloth (used as air
bleeder) and (5) evaluation of weight loss during oven drying. All of the
asbove were evaluated through lap shear testing and visual examination of
failure mode. Volatile contents determinations were alsc made. The
resylts are given in Table 21. In the lap shear tests, Process 2 gave the

highest failing stress, but more importantly, the bond line porosity was
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TABLE 18
FLATWISE TENSILE TEST RESULTS ON SKIN LAMINATES

Specimens from Panel c¢-1 (Flatwise Tensile)

Specimen No. Failing Stress (psi)
c-1-1 3480
c-1-2 3200
c-1-3 3310

NOTES: 1. Resin contant 23.6% by weight, voids 1.29% by volume.

2. Specimens c¢-1-1 and c-1-2 failed between surface piies,

Specimen ¢-1-3 failed approxiuately in the center of the
laminate.

Spevimens from Panel d Noted in Item 3
(Flatwise Tensile)

Specimen No. Failing Stress (psi)
d-1 3200
d-2 3340
d-3 3180

NOTES: 1. Resin content 32.8% by weight, voids 0.21% by volume.

2. A1l failures occurred at the approximate center of the
Taminate.




TABLE 16

j | COMPARATIVE ADHESIVE EVALUATION - STATIC RESULTS
i 1
f F2iling Load (Lbs,) Adhesive
} 220 driginal Lot AF-147, dried (48 hrs.)
3 205 Original Lot AF-147, as received
l : 168 Second ‘.ot AF-147, Dried (120 hrs.}
. f 206 Sacond Lot A¥-117, 1 ply, dried
L 242 Second Lot AF-147, 2 plies, dried
2 ) 186 FM~1000
200 Original Lot AF~747, cut from Panel c-1
202 Original Lot AF-147, cut from Panel c-1
’ 220 Original Lot AF-147, cut from Panel c-1
!
E
: TABLE 20
b COMPARATIVE ADHESIVE EVALUATION - SHAKER TEST RESULTS
|
‘
, A
b . Time Tu Failure
: | dinutes) Adhesive
| s 125 FM-1000
: 5 37 AF-147, 1 plv, dried
Fo . b3 AF-147, 2 plies, dried
;' 29 AF-147 - original group
N
P
N .y
. :
jt
'

1

o ¥y . )
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; TABLE 21
AF-147 ADHESIVE PROCESSING EVALUATION

! 1. One-half inch Overlap Lap Shear Specimens (Adherends cut from Panel c-1).

!
% Process Ava. Failiing Stress (psi)
] ‘ 1 3240
- 2 3430
s ' 3 3065
' t
: Progcess
' ! 1 Adherends grit blasted, wiped with MEK and air dried
30 minutes; 25" Mg vacuum used during bag check and cure,
2 Adherends grit blasted and wiped with clean dry cloth.
Adherends and glass bieather cloth oven baked at 150°F
e for 45 minutes, 10" vacuum used during bay check and
T panel vented to atmosphere during cure,
: 3 Same &5 Process 2, excert 25" Hg vacuum was applied to
. assembly throughcut cure.

Volatile Lontent Determinaticn

PO -
ro

Four adhesive speciimens were cut from the voll, placed in a 200°F oven,

g 14 withdrawn at the noted intervals and weighed,
i Spec. No, Time at 200°F % Weight Change (Decrease)
vr ] 15 mins. 0.53
o 2 45 mirs, (.55
s 3 90 mins. 0.49
,05 4 2490 mins. 0,65
N L VU U S —
o '
}
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reduced by approximately 75 percent from the original specimens.

Processes 1 and 3 exhibited excessive porosity, similar to that of the

b original specimens. Volatile content was determined to be within nornial
limits for adhesive films., The major factor in the porosity problem was
concluded to be the amount of vacuum used during bag check and the lack of

subseguent venting to atmosphere durina cure. The pulling of vacuum

during curing combined with Lhe presence of slight moisture is what caused
the poor bond quality. Al subsequent assemblies were then tabricateo
with the AF147 adhesive system (single ply) using the optimized bonding
process. Subsequent sonic ftatigue tests on joints utilizing Process ¢
showed order-of-magnitude improvements in sonic fatiuue life over joints

- e A e —

utilizing Process 1. It is interesting to note that a major improvement
E in joint quality retative to porosity and random fatigue life correspondec

to a very modest improvement in static strength.

P This adhesive evaluation underscores the crucial importance of bond

. guality in a program of this type, and the need to rectify any probplems

g prior to fabricating a large number of expensive test structures.

3 Fortunately, in this program, the problem was discovered and rectified

[ prior to the fabrication of most of the multi—béy test panels. Those that
L. had already been fabricated were eventually subjected to sonic fatigue

; : testing (see Section III.5), and failed prematurely in the bonded joints.
) 14 They were subsequently replaced with new panels and successftully tested.

' Ynfortunately, the fabrication of the shaker specimens had already been
completed prior to the resolution of the bonding problem, and in addition,

[;'i many specimens were used in the process of achieving a solution. This
; :E resulted in a major change in the objective of the shaker tests, It was
, { !‘ii not now possible to use the existing specimens to evaluate the skin-
'R stiffener joint fatigue proper. ies. Instead, they were used tc evaluate
p

the skin laminate fatigue properties, which were unaffected by the bonding

probiem,

b
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NOTE: It was later learned that the manufacturer of the AF147 adhesive

1 had been having problems with air porosity in this adhesive, and
that this had been a contributing factor in the bonding problem
experienced by Rohr. The manufacturer, like Ronhr, has now overcome
the problem. '

4, SHAKER TESTS
The shaker test program was originally intended to provide additional
fatigue life and mode of failure data on the skin-stringer adhesively

s I

bonded joints. The data was to augment the sonic fatigue test data from

the multi-bay panels. However, as a result of the adhesive bonding

. e

problems, discussed in Section [(II.3, tests were redefined in objective
and scope.

Early shaker tests revealed poor bond guality between the skin and

i stringer elements. The resulting investigation indicated that the

- remaining specimens would be similariy deficient. Part of this resulting
investigation consisted of performing shaker tests on some of the original ]
specimens ard comparing the results with those from a variety of new
specimens utilizing different adhesives and process barameters. In this
endeavor, the shaker tests proved to be a valuable aid in both discovering
the bond problem and in evaluating solutions. ]

'} One of tke major justifications for shaker testing the skin-stringer
joints was the belief that the modes of failure and cycles to failure
I would correlate with the sonic fatigue test results. This belief turned
out to be fully justified. The shaker tests that revealed the poor bond
guality were characterized by rapid failures, with stiffeners completely
delaminating from the skins, with virtually no graphite fibers being

- oo
- . .
- T

pulled from the skin laminates and occurring at relatively low strain

levels. Some early sonic fatigue tests on panels made prior to the 1
resolution of the bonding problem displayed the same failure

characteristics. Subsequent testing of specimens having good bond quality i

LT ._‘_-"4_' i

resuited in considerable skin laminate damage prior to and during skin-

»




-_—
>
g "

- .-1‘,"‘(.@"

- b

stringer joint failure in both the shaker and the sonic fatigue tests.
Additionally, shaker tests performed on the riveted specimens resulted in
failures in the zee radius adjacent to the skin. This same mode of
failure occurred during sonic fatigue testing of riveted multi-bay panels.

The specimens were ganged together in groups of five, mechanically
fastened through the stringer webs to the upstanding leg of a horizontal
tee bar, and subjected to 1/3 octave random loading centered around the
specimen response frequency and tested on a Ling B290 shaker having a
capacity of 1,500 force pounds. This method was specifically intended to
primarily load the skin-stringer joint. Following the discovery and
resolution of the bonding problem, it was decided to use the remaining
shaker specimens to develop random fatigue data for the skin laminates.
In order to accomplish this, the test fixture was modified to support the
skin elements as cantilevers, making sure that the skin-stringer joint was
well away from the point of maximum stress on the skin. The skins were
mounted in tapered blocks in order to avoid abrupt changes in stiffness,
and strain-gauged at the point of expected maximum strain. Testing was
then carried ocut as before, with 1/3 octave random loading. Figure 1&
shows the shaker test setup.

Complications arose during the early tests due to the high strains
required to cause fatigue failures of the laminates. Conventional strain
gauges do not have significant fatigue life at the strains required to
fail the graphite Taminates. To overcome this problem, the specimen
holding fixture was strain-gauged and tests carried out to establish a
relationship between the fixture gauge and the specimen gauges. This was
done using static loading of up to 4,000 microinches/inch on the specimen,
ting the corresponding fixture gauge recadings. Correspendence

between the specimen and fixture strain gauges was also determined by

o
anag no

apply a sinuscidal load up to a specimen strain of 3,000 microinches/inch.
Finally, similar correspondence was also established using low level
random excitation. The fixture gauge was found to read approximately 1/20

of the specimen gauges. Although there was little variation from specinen

s
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to specimen, nevertheless strain conversion factors were measured for each
test.

The remaining shaker specimens were then tested to failure. The results
are shown in Figures 19 and 20. Figure 19 shows actual rms strains vs.
cycles to failure., The curve drawn represents minimum values, The
numbers in parentheses refer to the specimen types given in Figure B-3 in
Appendix B. Since the elastic modulus varies between different specimen
types, there are advantages in presenting data in strain form, allowing
users to apply their own modulus values. Figure 20 shows the same fatigue
data plotted as rms stress vs. cycles to failure. These curves are used
in Section IV in conjunction with the progressive-wave tube test results.

5. PROGRESSIVE-WAVE TUBE TESTS

Sonic fatigue tests were performed on the twenty-seven panels shown in
Table 1 and existing panels 1, 2, 4 and 5 shown on Figure B-2 in
Appendix B. The tests were carried out in a progressive-wave tube (PWT)
at the Acoustic Test Facility, Rockwell International (Los Angeles
Aircraft Division), Los Angeles, California. The facility is powered by
four Ling EPT 200 transducers, each capable of generating 10,000 acoustic
watts. Sine and random inputs are available with frequency spectrum
control from 50 Hz to 1,200 Hz. Indefinite endurance tests can be carried
out at overall sound pressure levels of 167 to 168 dB. The main test
section is in a 6-foot by 1-foot duct cross-section, capable of taking two
panels simultaneously, one above the other. The PWT has an acoustic wedge
termination into a reverberation room. Rockwell personnel operated the
PWT. A1l instrumentation, data acquisition,- signal conditioning and data
reduction were performed by Rohr personnel using Rohr's mobile Vibro-
Acoustic Laboratory. Figure 21 shows the Rockwell facility and the Rohr
mobile laboratory. Figure 22 shows the test section with panels
installed. The main purpose of the tests was to obtain strain and
frequency response data for the test panels under random acoustic
excitation at grazing incidence, and to test the panels to failure, using
the data generated to develop a sonic fatigue design metkod.
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a. Evaluation of Progressive-Wave Tube (PWT) - Prior to the
actual test program, a series of measurements were made in the Rockwell
PWT in order to determine the maximum overall and spectrum acoustic levels
available, without noticeable "clipping". Amplitude distribution plots
were also made in order to determine if the acoustic field was reasonably
Gaussian. Three microphones were used, in a vertical spread along the
center line of the test panel openings. The results showed acoustic
spectrum levels of around 140 to 145 dB/Hz to be attainable with broad-

i band loading. Reducing the acoustic loading spectrum to 1/3-octave showed
{ an increase in maximum acoustic spectrum levels of approximately 8 to

10 dB. Figure 23 shows the amplitude distribution function for the center
microphone with broad-band input, These data showed the Rockwell facility
to be suitable tfor this program.

b. Instrumentation - A1l the test panels were instrumented with
sufficient strain gauges and microphones to accucately identify dynamic
strains, mode shapes and acoustic loading. The conter bay of each pana]
was the most heavily strain-gauged. All panels hou byiaxial gauges at the
center of the center bay and adjacent to both zees on the longer sides.
Strain gauge and microphone locations are shown on Figure B-1 in
Appendix B. Sheet 1 shows locations for panel "b." Referring to the
numbering system for panel b, the other test panels were instrumented as
follows:

SNSRI

e L

Panels a, ¢, d, f, g, h, n. p had strain gauges at positions 3, 4, 7, 8,
: 10, 11, 18, 26 and 31. In addition, panels a, b, d, . and p had back-to-
back gauges for positions 3, 4 and 10.

sm vRE L, oL,

[+]
b3
Y
7
7]
=]
<
w
14
<
[«1}

5 per Figure B-1, sheet 2,

Panels 1, j, ¢ and r had gauges in positions 3 and 4 on each of the four
center bays, plus positions 7, 8, 10 and 11 on one center bay, plus
position 31.
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Panels k, 1 and s had gauges at positions 3 and 4 on each of the two
center bays, plus positions 7, B, 10 and 11 on one center day, plus
position 31.

Panel m had gauges at positions 1 through 13 on one of the center bays,
plus a yauge corresponding to “4" on the remaining seven hays.

The J stiffened panels were instrumented as panel b.

Back-to-back gauges were used on selected paneils in ordar to separate out
membrane and flexural strains. Strain gauges were also instalied on the
test fixture to check for unwanted resonances.

Small (1/8-inch) strain gauges were used to provide for good resolution.
Larger strain gauges result in excessive strain averagirng, particularly
near stiffeners and fixtures where there are high strain gradients. Since
these locations are where maximum strains and fatigue failures occur, good
resolution is of particular importance. Each panel had two flush-mounted
microphones installed. "Kulite® pressure transducers were used. Several
panel/fixture assemblies had extra microphone holes provided to facilitate
acoustic measurements on all four panel sides. "Kulite" transducers are a
strain gauge "ype microphone and therefore used compatible signal
conditioning to that used for the strain gauges. Their high natural
frequency (above 70 KHz) and low mass makes them especially suitable for
mounting on vibrating structures. Three BRK condenser microphones were
instalied and monitored inside the PWT as part of the facility operation.

c. Data Acquisition - The data acquisition consisted of twenty
ain gauge signal conditioners, coupled through a patch
panel to a 14-track FM tape recorder. Two channels were set up for
handling microphone (Kulite) signals. Prior to each test run, insertion
calibrations for all data channels were recorded on magnecic tape. These
insertion calibrations consist of applying a calibration resistor in
parallel across each strain gauge to simulate a known compressive strain.
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Post test calibrations were also performed as a check, and as a safeguard

against neglecting gain changes made during test runs.

d. Test Procedure - tach panel was installed in the progressive-
wave tube and subjected to acoustic loading at arazing incidence. The
panel-fixture assemblies were suspended on wires, in order to isolate them
from PWT vibrations and to achieve accurate boundary condition
representation for comparison with the analytical results. Figure 24
shiows & closeup view of the panel-fixture installation in the PWT. Load
cells were incorporated into the wire harness supporting the panels. This
allowed the wire tension to be adjusted identically for each test panel
and also facilitated dynamic monitoring to ensure that there were no
significant resonances in the panel suspension system. The turnbuckle-
pulley arrangement, seen in Figure 24, automaticaliy centered the test

panels in the specimen windows.

The test procedure for each panel started with a sine sweep from 50 Hz to
1,200 Rz. Thr sine sweep was used to identify major panel rescnances.
This was followed by full spurtrus (50 Hz to 1,200 Hz) random acoustic
loading from 140 dB to 165 dB in 5 dB steps at 30 second intervals. All
strain gauge and microphone outputs were .ecorded on magnetic tape
tnroughout. In addition, real-time fregquency response plots were maae for
one key strain gauge and microphone. Where the number of transducers for
3 given panel exceeded the 14 channels available on the tape recorder,
these runs were repeated until all transducer cutputs, including the
fixture gauges and the load cell, had been recorded on magnetic tape. The
overall strain levels from all the strain gauges were monitored
throughout. When the strains reached Tevels suitable for endurance
testing, the random response check would not proceed to the next acoustic
load level. Careful response monitoring is of particular importance in
setting the test levels for panel endurance runs. The strain and acoustic
levels measured during these random response checks form the data base for
the design ircthod in Section IV. Endurance runs were then made at

selected sound pressure levels until panel ¥ailure occurred. A target of
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10 hours exposure time was set as a maximum. The intention in the
endurance runs was to avoid rapid or protracted failure times and to
obtain a good spread of fatigue life data. Panels that couid not be
failed within 10 hours at 165 dB were subsequently subjected to reduced
bandwidth testing, with correspondingly higher acoustic spectrum levels.
During endurance runs, panel gauges were continually monitored for changes
in response (frequency or strain levels) indicative of structural failure.
In addition, periodic visual inspections of the panels were made. First
signs of visual damage were noted.

The panels often had slow progressive fiber failures, where the time from
first visual damage to major damage affecting panel response was several
hours. In such cases, both times were noted. Major damage was defined as
any skin damage extending through the laminate thickness or fracture or
separation of stiffeners from the skin in one of the center bays.

In addition to the basic tests described above, the following additional
tests were carried cut:

(1) Testing identical panels in steel and aluminum fixture
frames.

(Z) Testing a panel without a fixture fram and also rigidly
bolted to the PWT.

(3) Full depth vs. panned down closures on the honeycomb beam
stiffeners.

(4) Testing with and without the stiffeners clipped to the
fixture frame.

(5) Comparison between bonded and riveted skin to stiffener
Joints.

YR e e e L




(6) Switching panel positions in the two test windows.
(7) Measuring response on one panel, with other test window open.

(8) Same as above with nard wall installed in other test window. .

e. Data Reduction - A Spectral Dynamics Digital Signal Processor, ! N
Model SD360 was used to perform ail spectral analyses., The SD360 is a '
self contained fast fourier transform analyzer, capable of displaying and

— @ rm————

plotting, in real-time, the complex relationship of two signals, both in
the time domain and the frequency domain. An analysis range of 1.2 KHz
was sel .cted, corresponding to a filter bandwidth of 2.16 Hz. The actual
aliasing vFilter cutoff was 960 Hz. Overall sound pressure levels and rms
strain levels were determined by converting the signal to a d.c. value
proportional to its instantaneous rms value, integrating over a 20 second
period, and reading the value on a digital voltmeter.

Frequency spectra were generated for all microphones and strain gauges at
the endurance test sound pressure levels. Spectra were also generated at . -
each sound pressure level (140 dB to 165 dB) for selected gauges. The .

! strain gauges selected for spectral analysis over the full response range
were the center biaxial pair (numbers 3 and 4) and the gauge near the zee
4‘ radius {number 10). Overall rams levels were measured for all transducers
- at all sound pressure levels. Cross-spectral density measurements were
’ 't made between corresponding strain gauges on adjacent bays. Integrated
. power spectral density plots were made for some panel gauges in order to
lfj determine the relative contributions of individual modes to the overall
: -g rms strain value.
| {{
‘ ' : f. Progressive-Wave Tube Test Results - The first panels to be
! ! tested were the existing panels, shown in Figure B-2. Tables 22 and 23
) .;} summarize the overall rms stress levels. Panels 1 and 5 have the same
?é geometry, and offer a comparison between a graphite and an aiuminum panel.
‘; The stresses on the graphite panel (5) ranged from 50-75 percent of the
v
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corresponding aluminum values (1) in the maximum stress direction (short
direction). In the long direction (strain gauge 15) the stresses were
comparable. Panel 4, which has four times the bay span as panel 5, shows
a corresponding stress increase of from 2 to 4 times. The unstiffened
panel (3) was tested both as a flat panel and with a curvature of
30-inches. The 165 dB data points may not be valid comparisons, since the
panel was undergoing extremely large deflections at this high load. The
165 dB points may also represent the onset of failure. The center
stresses were reduced to 1/3 to 1/2 of their original values due to
cuivature, whereas the edge stresses were reduced to 1/5 to 1/7 of their
original values. The response of panels 1 and 5 were plotted against
sound prassure levels in order to compare the degree of linear response
between the aluminum and graphite panels. Figures 25 and 26 show the
results. The dotted lines represent linear response. These graphs show
both the aluminum anc the graphite panels to be responding in a linear
fashion. Figure 27 shows the graphite skin-stringer panel following sonic
fatigue foilure., Figure 28 shows sections of honeycomb stiffeners with
skin laminate fibers still attached. The time to failure for panel 5 wzs
15 minutes at 165 dB. Panels 3 and 4 lasted for 5 minutes.

These photegraphs show the mode of faiiure to be in the skin laminate at
the stiffener locations. This shows that the secondary bond between the
skin and stringers is superior to the interlamina bond strength, as it
should be. This is because the adhesive strength in the laminate comes
from the epoxy matrix material, which is selected for criteria other than
just pure strength. Flow characteristics, for example, are very important
when laying up a large surface area. The adhesives used to bond the skin
and stringers together are chosen primarily Tor strength. Consequently,
extensive fiber pull-out on failure is indicative of good bond quality.
This mode of failure also indicates .hat the flatwise tension strength of
the laminate may be a critical parameter in sonic fatigue resistance.

This is a property that is not commonly measured or quoted in structural
nroperty specifications of composite iaminates. This conclusion has
considerable logical appeal, since stress concentrations and extra inertia
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forces are experienced by the surface laminate underneath the stiffeners |
during dynamic behavior. Since the interlamina strength wili Le the same
between each lamina, failure will crcur at the first bonded interface.
This mode of failure also indicates that mechanically fastening the
stiffeners to the skins may result in longer sonic fatigue life than using
bonded stiffeners. This is because fasteners will distribute stresses
across the whole skin laminate, rather than just into the surface

] laminate. As a result of these findings, it is recommended that flatwise

tension tests be performed on composite skin laminates in the future.
Such tests may provide valuable information in selecting the best resin
systems and adhesives for sonic fatigue critical applications of advanced
composites structures.

P P

The next, and most important phase in the sonic fatigue test program, was
to test the multi-bay panels shown in Figure B-1. These are the pane)
tests upon which the design method in Section IV was based. The first of
these panels were fabricated prior to the resolution of the adhesive
bonding problems, discussed in Section III.3. Some of these panels failed
prematurely, with the stiffeners delaminating trom the skins, with no
fiber pull-out occurring. The response data for these panels is
unaffected by the weak bond, but the times to failure are not
representative of the panel's fatigue Tives. The panels that had been
fabricated with suspect bonds were: al, cl, fl, gl, i, k1, n and gq.

Panel al gave good response data up to 160 dB, but failed prematurely at
165 dB, with very slight skin damage. Since this was a configuration for
which there was a planned duplicate panel (a2) yet to be made, there was
no need to refabricate al. Panels ¢l and gl also had duplicate panels
scheduled, and it was decided to rivet the suspuect skin-stringer joints on
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panel g in order to provide a comparison between bonded and riveted
joints. Panels i and k1 failed prematurely with no skin damage occurring.
These panels were subsequently riveted back together and retested in order
to provide additional response comparisons between bonded and riveted
specimens. Parels n and g gave good response data and failed with
significant fibers being pulied from the skin laminate. Panel f1 gave
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good response data and did not fail after 9 hours at 165 dB.
Figure 29 shows parnel al following sonic fatigue failure. The
skin-stringer joint areas show a mixture of weak bonding {white
areas) with no attendant fiber pull-ocut and satisfactorily bond-
ed areas with fiber pull-sut occurring. Figure 30 shows panel n
following sonic fatigue failure. Here the suspect bonding proc-
ess does not seem to have resulted in a weak joint, and the !
failure shows extensive skin laminat.: damage. It should be
pointed out that skin laminate damage is a desired mode of
failure and represents a successful test. Figures 31 and 32
provide a good example of this desired mode of failure. They ¥
show the front and back faces respectively of panel p follow-
ing sonic fatigue failure. In this case the skin-stiffener t
bond strength and the skin laminate quality are well demon-
strated by the even distribution of the failure through the
entire thickness of the skin laminate.

Table 24 gives the overall rms strain levels for those panels
whose response data was subsequently used in the development |
of the design method. Corresponding response spectra are
given in Appendix C. Omitted from this table are those panels ?
whose purpose was to investigate specific effects, outside the '
main design method; such as the J stiffened panels, the honey-
comb stiffened panels (e), panel m - the 8 x 1 array and panel

¢ - which was designed to investigate the effects of ply ori-
entation. Strains e given in microinches/inch for the
following strain gauges: 3- center of bay, long direction;

4 - center of bay, short direction: and 10-edge., short direc-
tion, normal to longest side. Strain gauge 10 gave the high-
est measured strains for the majority of the panels, and
represents the location of nmaximum interest in this program.
At the panel centers, where the response strain magnitudes are
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Panei al after Sonic Fatigue Testing

Figure 29.
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comparable in both directions, it is necessary to combine their

effects using the relationship

-

. Sy7Vxy Fx (17}

where €y is from strain gauge 4

e, is from strain gauge 3

i and vyy and vyy are from Tables 2 through 6. The resulting biaxial

strains are also given in Table 24.

A detailed discussion of the results in Table 24, as they relate to the
development of a design method, is given in Section IV. In general, the
results show basic logical trends, such as decreasing strains with
increasing skin Taminate thickness; and increasing strains with both
increasing stringer spacing and increasing radii of curvature. There are,
however, several inconsistencies in the data; panei a is identical to
panel b except for having fewer skin plies, yet it has lower edge strains
than does panel b at the higher sound pressure levels. Panel n, which has
even fewer skin plies, also has lower strains at the higher sound pressure

levels. However, it should be remembered that the different skin

i laminates have different ply orienlations, and consequently, different
id elastgc modulii. Panels a and d have anﬁe]astic modulus of 7.5 x %O
_ 1b/in . Panel b has a value of 6.7 x 10 and panel n has 9.4 x 10 .
i! Although this program compared two different ply orientations for the same
| laminate thickness (panels b and c), this variable was not represented
ﬁ} over a number of panels sufficient to permit. its inclusion as a
v quantitative variahle in the design method. Instead typical symmetric
i“ ply orientations were chosen, with the expectation that the resultant
? design methrd would be applicable to other similar laminates. This
' limitation should be remembered if radically different ply orientations
are used in conjunction with the results of this program.
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Although there were a few exceptions, the maximumn strain response on the
panels occurred at the center of, and normal to, the longest bay side,
adjacent to the radius of the zee (strain gauge 10). This is as it should
be, and also corresponds to the finite-element static analysis results.

The measured strains did not linearly increase with overall sound prassure
level, but increased at a lower rate, which veried from panel to panel.

[t is not entirely clear whether or not this is indicative of nonlinear
structural response. The response frequencies of the in-phase stringer-
bending mode for the panels listed in Table 24 were given in Table 15,
where they can be seen to carrespond quite well to the fully-fixed
frequencies calculated trom Reference 5.

Fatigue lives, as expected, showed cunsideranle scatter. Figure 33 shows
the fatigue life data points for the multi-bay panels. The data points
are shown superimposed on the shdker test fatigue dala. The curve shows
the strain endurance level to Be approximately 400 microinches/ nch,
Taking a conservative line throuyh the data, the curve for the skin-
stiffener joint appears to be approximately 42 percent ¢f the shaker test
curve for the skin Taminate. This ratio is similar to that for riveted
aluminum skin-stiffener panels. The Towesi strain at which a panel
failure occured (excluding the defeciive panels) was 411 microinches/inch,
and that appears to be an outlier compared to the other data puints. The
next lowest failure strains were 444/446 microinches/inch, occurring at
approximately 107cyc1es. Virtuaily all of the panels {again excluding the
defective panels) displayed the sane failure mechanism., The first signs
of failure were isolated failed skin fibers at the skin-stiffener joints.
The number of failed fibers would gradually increase, often over a period
Jf several hours, without having any effect on the panel response. Only
when the damaged skin fibers had extended across nearly all of the skin-
stiffener joints was a change is response detected. This would usually be
closely followed by a major faiiure of the skin laminate. This failure
mechanism presents a problem in defining the effective fatigue lives of
the panels. It the first visible sign of skin damace is the criterion
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for failure, then the cluster of fatigue data points shown on Ficure 33 in
3 the 10 -10 range would occur in the 5 x 10 to 10 range. Also, some

' panel fatigue data points shown as run-outs had very slight fiber damage.

These effects would cause the assumed endurance level to drop from 400 to

300 microinches/inch. From a structural point of view, failure shauld be

defined in terms of significant damage or a reduction in lcad carrying

capability. On an actual aircraft, however, it seems 1ikely that any

o g e — i1 o

: structural component showing visible signs of damage would be removed,

! even if the damage were unlikely to propagate. Several sonic fatigue test
panels exhibited a small number of fiber failures early during testing,
but did nut experience any damage propagation, even after several million
more cycles.

- -

Phase and cross-spectral density functions were generated between
corresponding strain gauges in adjacent bays in order to identify the
stringer-bending, in-phase mode. Figures 34 through 37 are for panel r
(6 x 3, 6 ply, 60-inch radius). Figure 34 shows the sine sweep at the
center of the center bay. Figures 35 and 36 show the random response
spectra for the centers of two adjacent center bays. From these spectra
it can be seen that the major response modes occur at 350-430 tz and at
750-800 Hz. Figure 37 shows the corresponding phase relationship between

the adjacent bays (top plot) and the associated cross-spectral density

b
‘ q‘ function (bottom plot). From this figure, it can be seen that the
‘ . response in these two bays is coupled at the major response peaks (shawn
-| by peaks in the cross-spectral density function) and that the coupled
lil response peaks at 360 Hz and 400 Hz are 18U deg. out of phase, whereas the

p response at 760-780 Hz is the in-phase mude. The cross-spectral density
i ' plots also assist in more precisely defining the coupled mode freguencies.

h Another example of the value of phase and cross-spectral density functions
. . in identifying response modes is shown in Figures 38, 39 and 40.

.5; Figures 38 and 39 show response spectra for adjacent bays. Fiqure 38
. :- shows two distinct response peaks, at 240 Hz and 400 KRz, but Figure 39

only shows one peak, at 2?15 Hz. From these two plots alone, modal
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identification is not possible. Figure 40 shows the corresponding phase
and cross-spectral density plots. The phase plot shows the 200 Hz region
to be out-of-phase. But since the response spectra (Figures 38 and 39) do
not show identical peak response frequencies, the cross-spectral density
plot is required in order to identify the frequencies at which the
response is coupled between the adjacent bays. Then it can be clearly
seen that the out-of-phase mode occurs at 200 Hz and the in-phase mode
occurs at 380 Hz.

Table 25 compares overall rms strain levels for Z and J stiffeners, and
also between a quasi-isotropic laminate (b) and a more highly oriented
laminate (c). Strains are given at the panel centers and at the edges,
over a range of overall sound pressure levels. Figures 41 through 48 give
corresponding strain spectra at 160 d3. The comparison between the Z and
J stiffeners does not present a clear picture. At the panel centers, the
strains are comparable for both stiffener types, although it can be seen
that for the (b) panel at 160 dB and 165 dB, the J. stiffener resulted in
higher strains than did the Z. Looking at the spectra on Figures 41 and
42 (note scale difference} it can be seen that the higher J stiffener
strains are due primarily to the response peak at 275 Hz. The fundamental
170 Hz peak was reduced by the introduction of the J stiffener. The same
comparison for panel c (Figures 43 and 44) also shows the J stiffener
effecting a reduction in response at the fundamenta) mode frequency. In
this case, without a significant increase in the amplitudes of the higher
frequency modes. Corresponding comparisons of the edge strains show
significant response reductions on panel b, but not on panel ¢. The
corresponding spectra for panel b (Figures 45 and 46) show a 2:1 reduction
in the peak response level due to the J stiffeners. Panel ¢ also shows o
reduction in the response of the first mode, but the increased response in
the other modes results in ar increase in the overall strain level, In
general, it is clear that, compared to the Z stiffeners, the J stiffeners
resulted in a lower response level for the fundamental stringer-bending
mode, but had a tendency to stimulate the stringer-torsion mode at 280 Hz.
Fiqure 49 shows the 160-170 Hz peak to be in-phase and the 270-280 Hz peak
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to be out-of-phase. The J-stiffened panels did, as expected, exhibit
longer fatigue lives than did the Z-stiffened panels. For panel b, the

J stiffener increased the fatigue 1ife from 50 minutes (for the Z stiffener)
to 7 hours. For panel ¢, the fatigue life increased from 1 hour to 17
hours. This large increase in fatique 1ife, without a major reduction in
response was due to the increased bonded footprint arca of the J compared
to the Z. This results in more extensive fiber pull-out from the skin
Taminate upon failure, hence there is slower damage propagation and longer
fatigue lives. Dased on these results, the J configuration appears to be
an attractive stiffener concept.

Table 25 and the corresponding spectra also provide for a comparison
between the laminates used for panels b and ¢. The more highly oriented
"c" laminate shows a significant reduction in response of the edge strains
(approximately 25 percent). The center strains are similar for both
laminates. However, the reduction in edge strain does not occur when
using the J stiffener. The corresponding frequency spectra do not provide
any additional information on the response difference between the two
laminates. The difference between the two laminates involves taking two
of the eight plies running in the 1c 7 bay direction (90 deg., in tha

X direction) and running them in the short direction (0 deg., Y direction-
between stringers). Looking at the overall results, it was concluded that
these two laminates had comparable sonic fatigue resistance.

Three panel configurations (g, i and k) were used to compare the response
of bonded and riveted joints. Tabie 26 summarizes the overall vms strain

f narh

P %
1 [ LA p

levels at the center and edge o ¥
differences between strains at the bay center do not appear to be
signitficant. There is a tendency for the edge strains to be a little
lower on the riveted panels than on the bonded panels, but the differences
are neither large nor consistent, Figure 50 shows a comparison of
response spectra for panel g at 160 dB. Although the overall levels
differ (205 to 162 microinches/inch), the spectra are remarkably similar.

<+,
the center bay o anel, The
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’i Figure 50. Comparison of Strain Spectrum for Bonded and Riveted Panels
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Overall, it appears that the riveted joints do not significantly affect
panel response. They do, however, affect the mede of failure. The
riveted panels experienced partial failure in the Z radius adjacent to the
skin, in addition to skin laminate failures. The fatigue lives of the
riveted panels were not significantly longer than for the bonded panels
with good quality joints. However, observations of damage propagation
during testing indicated that heavier stiffeners and more rigid clipping
at the stiffener intersections would result in longer fatigue life for the
riveted panels. This is because the riveted panels experienced
significant stiffener and clip damage prior to skin failure. This was not
true of the bonded panels, where skin damage was the primary mode of
failure. Another factor to bear in mind is that a slightly substandard
bornd is difficult to detect and may result in a highly premature f-tigue
failure. A slightly substandard rivet joint is detectable and will have a
less severe affect on fatigue life.

Figure 51 shows the strain spectrum corresponding to the top spectrum on
figure 50, without the stiffener webs clipped to the fixture frame.
Although the overall strain level increased from 205 to 240
microinches/inch, due to removing the clips, the spectra show this
increased strain to be predominantly below 200 Hz. This indicates that
providing proper attachments at the panel boundaries is desirable and
reduces the low frequency overall panel motion.

Early testing of & curved panel in an aluminum fixture resulted in a
fixture failure. Steel backup fixtures had been fabricated for such an
eventuality, and consequently, it became necessary to determine whether or
not the steel versus the aluminum fixtures affected panel response.

Figure 52 shows the results of this comparison. As expected, no
significant panel response effects were observed.

Eariy in the test program, several side experiments were performed in
order to ensure that testing two panels simultaneously would not produce
any unwanted response interrelationships. One of the panels was
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concurrently tested in the top and bottom test windows, paired with
different panels and also paired with a steel plate in the second test
window. No significant effects on the panel responses were noted. The
second test window was left open at one point and the only noticeable
effect was a 2-3 dB drop in acoustic levels in the PWT. When the driver
outputs were increasecd tc bring up the acoustic level to that previously
used, there was not noticeable change in the response characteristics of
the test panels due to the open window.

In order to evaluate some boundary condition effects, panel d was tested
for response under three different edge conditions. First, it was
suspended in the test window without a fixture frame, i.e., with free
edges. The fixture support wires supported the panel at the four corners
only. Then the panel was bolted into the wall of the PWT, simulating
fixed edge conditions. Finally, the panel was supported in the regular
fixture frame and suspended on the fixture support wire, as used con the
remaining panels. The effect of these different boundary conditions can
be seen in Table 27. The overall rms strains show that the free edges
result in lower response levels than when using the test fixture or fixed
edges. When it was decided to perform the sonic fatigue tests using a
picture-frame Fixture, supported on wires, it was hoped that the response
in the center bay would be the same as for fixed edges. The overall
strains appear to confirm this. Figures 53, 54 and 55 show corresponding
edge strain spectra at 165 dB for the three edge conditions. The
stringer bending mode occurs at 340 Hz. This basic mode occurs with all
three boundary conditions. The major response effects of the boundary
conditions occur at 160-180 Hz and at 250 Hz. The modes at these
frequencies do not occur when the panel is freely supported. If these
extra modes were due to vibrations of the PWT wall, they would not occur
when the panel is in the fixture frame, supported on wires unless the PWT
v rations were transmitted through the wire harness. If this were the
case, the load-cell in the wire harness would detect them. Figure 56
shows the corresponding frequency spectrum for the load-cell. As can be
tlearly seen, there was no significant dynamic response occurring in the
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TABLE 27
OVERALL RMS STRAIN LEVELS (MICROINCHES/INCH) FOR
{ PANEL "d" WITH DIFFERENT EDGE CONDITIONS
Center Strain (Gauge 4) Edge Strain (Gauge 10)
Sound “Edges Edges
Pressure Supported Supported
Level Free Fixed in Test Free Fixed in Test
(dB}) Edges Edges Fixture Edges Edges Fixture
140 23 34 33 24 37 34
145 31 55 58 35 59 57
150 49 119 109 56 124 101
155 88 171 163 107 186 174
160 140 261 284 190 296 274
165 226 372 416 281 422 425
OVERALL R.M.S. LEVEL:  2.21b | iiiii i
" CINPUT LEVEL. 160 dB
: g
I a ;.
. S o5 i
i ‘ - 5
a 2
!‘ o«
{ ¢ :
i f
: . 0 ARt ol et SN L TR AR e L)
f FREQUENCY (Hz)
{
‘ Figure 56. Load Cell Spectrum
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: wire harness supporting the pancl fixture assembly. If the modes at the
160-18J Hz and 250 Hz were associated with the regular fixture firame, they
' would not have ocrurred when the panel was bolted to the PWT wall (for

i this test the panel was first removed f s fixture frame and ihen
bolted directly to the PWT wall). The i, v r~esponse difference between
the fixed edge conditions and the regular test fixture occurs at 100 HZ
and below. The response peaks 1n this frequency region appear to be due
to the effects of the PWT wall. Thus, the panel support system chosen for
this test program appears to be structurally similar to the more typical
method of boiting the panel to the PWT wall, without picking up PWT
dynanic effects.

P

A L ameas e — s, o Mo,

i Two heneycomb beam stiffened panels, shown in Figure B-1, were tested and
i : the results compared to an equivalent panei with Z stiffeners - panel b.

’ The results are shown in Table 28. The first panel (el) had panned down
clesures for the honeycomb stiffeners, as shown in Figure B-1. This panel
failed in these closures after 1-1/2 minutes at 165 dB. The second panel
(e2) was subsequently modified. replacing the existing panned down
closures with full depth cliosures, clipped to the fixture in a similar
fashion as the Z stiffener attachments. This panel failed after 5-10

A minutes at 165 dB.

et e e e

dg Although these times to failure seem short, the maximum strains on both

: . panels were high, such that if superimposed on the fatigue curve on

é ! Figure 33, both panels appear to be on, or slightly above, the curve drawn
for the Z-stiffened panels. The maximum strains on both el and e? were
higher than those shown in Table 28 (which are-presented for comparison
nurposes}, and occurred at the center of the shorter sides. It is not
known why the honeycomb stiffened panels had different maximum reponse
locations compared to the Z-stiffened panels. In any event, the

: comparison betwezn the honeycomb and zee stiffeners was inconclusive. it
. does seem probable that the honeycomb stiffeners would have been more
effective if the core material had had greater shear strength.
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Ideally, a sonic favigue design method should be based on using acoustic
spectrum levels to predict strain spectrum levels at corresponding
frequencies. However, individual response spectrum levels usually vary
inconsistently, compared to overall response levels, making them
unsuitable for analysis purposes. An example of this is shown in

Figure 57. The spectra shown are for the same strain gauge at 160 dB
(top) and 165 dB (bottom). The overall rms strain level increased from
310 to 435 microinches/inch due to the 5 dB increase in acoustic load.
However, the strain spectrum level at the major response mode (170 Hz)
actually decreased slightly (from 82 to 68 micrginches/inch). The
increased overall strain level was due to increases in the strain response
at other frequencies. Inconsistencies of this type make it impractical to
use the strain spectrum levels in the development of the design method.
This leads to a dilemma in the treatment of random strain data. Spectrum
levels, with their narrow bandwidth, often vary unpredictably; whereas
overall levels, with their wide bandwidth, include response that does not
contribute to tatigue. It has heen suggested that 1/3-octave or l-octave
bandwidth measurements may provide the necessary stability without being
influenced by superfluous data. Again referring to Figure 57, it can be
seen that some of the increase in overall rms strain was due to the Tow
amplitude strains in the 250-1,000 Hz region. This is quantitatively
demonstrated in Figure 58. Superimposed on the power spectral density
function, is the integrated power spectral density. From this plot it can
be seen that the major response peak at 170 Hz contributes only about

20 percent of total power spectral density (mean square). Whercas the low
amplitude response above 250 Kz accounts for 40 percent of the total
spectral density. Based on this data, it wmight be thought that increasing
the sound pressure level from 160 to 165 dB would not necessarily bring
about a more rapid sonic fatigue failure. However, data taken during the
test program clearly pointed to a definite relationship between the
overall rms strains and fatigue tailures, leading to the conclusion that
some Jow amplitude strains that might be thought of as not contributing to
fatigue failure do, in fact, make a significant contribution. As a
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Figure 7. Comparison of Strain Spectrum at 15C dB and 155 dB (Panel b)
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result, overall rms strains generated in the PWT test program were used in
the development of the design method, described in Section IV.

Integrated power spectral density functions were generated for another
purpose. The PWT had a tendency to generate an acoustic peak in the
150-180 Hz region (see Fiqures C-1 through C-6). It was found that this
peak could be satisfactorily controlled by adjusting the bias voltage in
the EPT 200 acoustic drivers. In most cases the peak did not
significantly affect panel response; where it did, integrated PSD
functions were used to quantify the effects. Figure 59 shows a situation
where the response spectrum makes it appear as if the acoustic peak has
produced a major response peak at 180 Hz. However, the integrated PSD
curve shows that only 14 percent cf the energy is contained within that
peak. When converted to rms levels, this unwanted peak accounted for less
than 10 percent of the overall rms strain level. In a situation where
spuricus peaks have a major effect on response levels, the integrated PSO
function provides a quantitative tool for subtracting the effects out.

The strain spectra generated during the progressive-wave tube tests
(contained in Appendix C) were used to determine damping ratios for
various panels, using the "half power-point bandwidth" method. The
damping ratio is found from the following relationship:

A
where L= Damping ratio
Af = Frequency bandwidth (Hz) at the half-amplitude
point of major strain reponse pcak
t = Center frequency of major strain response peak

The values obtained showed considerable scatter and did not show any
significant correlation with strain response levels. Consequently,
damping was not included as a design parameter in Section IV. Instead,
the use of a typical value was recommended.
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Damping ratio values obtained ranged from 0.02 to 0.08. However, the
higher values occurred when more than one response mode appeared to be
contained within the major response peak. In those cases where the
response peak was clearly a single mode only, damping ratioc values were
typically 0.02 to 0.03. These damping values were compared to values
obtained in Reference 2 for aluminu- skin-stringer structures.

Reference 2 quotes values of 0.010 to 0.018 using the "logarithmic
decrement" method. However, when the "half power-point" method was used
on response spectra in Reference 2, values in the region of 0.05 were
obtained. Based on these observations, it was concluded that the damping
characteristics of graphite and aluminum panels do not significantly
differ,

Some further discussion of the progressive-wave tube test results, as they
relate to the development of the design method, is contained in
Section IV.
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SECTION IV
DEVELOPMENT OF DESIGN METHOD

Y SR

1. INTRODUCTION |
The primary objective of this phase of the program was to utilize the
analytical and experimental results to develop a practical semi-empirical
sonic fatique design method for grapnite-epoxy skin-stringer panels.
Measured random strains from the sonic fatigue tests were compared to
those calculated from Miles' equation’ ', using as inputs the static
strains calculated from the finite-element analyses. The test results
were also compared to values determined from the AGARD nomographs for
fully-fixed edge conditions. Finally, multiple stepwise regression
analyses were performed to develop empirical relationships between the

P e e e e e e i s e
-——

measured strains and frequencies and various combinations of panel
‘n configuration paramete: 5 and finite-element analysis results. From these
- regression analyses, design equations were developed and a design
: | nomograph constructed. A worked example is also presented. Secticn IV.5
- s presents the design method and nomographs as a self-contained unit,

An early problem encountered in the development of the design method
involved the use of acoustic spectrum levels as loads. In

Paragraph III.5.f, reasons for not using strain spectrum levels were
given. The main reason is that although the response spectrum levels show

. lf} capable of being used independently of the remainder of this report.
L -1k' Appendix C contains the test data (overall acoustic and strain levels and
l-]; spectra) used in the development of the design method
' ?!
1

.IJ'
';, .
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logical overall trends, the individual variations from one data point to
another are too large and unpredictable for use in developing a design
method. Acoustic spectrum levels, however, while exhibiting a certain
degree of unpredictable variation, are sometimes consistent enough to
facilitate their use as the 1cad function. However, in this program the
acoustic spectrum levels varied in such a way as to invalidate their use
as a regression variable. Figures C-2 through C-7 show the test acoustic
spectra. These spectra correspond to flat, 1/3-octave spectra.
Consequently, the spectrum levels (1 Hz bandwidths) decrease with
increasing freguency. Since panel frequencies increase with panel
stiffness, the stiffer panels were effectively tested at lower acoust ¢
spectrum levels. This resulted in a high degree of interdependence
between the acoustic spectrum levels and the panel configuration
parameters, thereby violating the necessary assumption of independent
variables. A prchlem similar to this was encountered in Reference 3. In
that case the problem was overcome by dividing the load intc the dependent
variable (measured rms strain). When that was attempted in this program,
the resulting regression equations showed good accuracy and satisfied all
the usual statistical requirements (F-values, t-values, ODurbin-Watson
statistics, etc.). However, when these equations were used on
combinations of panel configuirations other than those used in the test
program, it was found that the equations were numerically dominated by
changes in the acoustic spectrum levels, and were not sufficiently
responsive to changes in panel dimensions. When comparing responses
between two very different panels, the stiffer panel had a much lower
response and a lTower accustic spectrum Tevel at the major response
frequency than did the less stiff panel. The regression analysis largely
attributed the lower response tc the reduced acoustic spectrum Jevel,
rather than to the increased panel stiffness. However, a review of the
integrated power spectral density plots showed that the major response
peaks, associated with the pertinent acoustic spectrum levels, usually
accounted for less than 25 percent of the overall strain response. Thus,
since the overall sound pressure levels did not vary from panel to panel,
as did the acoustic spectrum levels, the reduced respense of the stiffer

SN
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panels was, in fact, due largely to the changes in panel configuration
: paramenters. Consequently, regression analyses using the overall sound

pressuie levels as the load function, resulted in acceptable design
equations.

2. SUMMARY OF ANALYTICAL AND EXPERIMENTAL RESULTS
RMS stresses and frequencies calculated using the AGARD nomographs
were given in Table 9. The static strains and stringer-bending mode

(5)

a i frequencies, analytically determined from the finite-element models and
the NASTRAN computer program, were given in Tables 11 and 15,
respectively. Table 15 al listed frequencies calculated from the AGARD
nomograph, Lin's equations and those measured during the progressive-
ii wave tube tests. The rms strains measured during the progressive-wave
tube tests that are pertinent to the design method were given in Table 24.
Table 29 contains calculated and measured frequencies, static strains, rms
strains calculated using Miles' equation and measured rms strains. These
are the data subsequently used in the regression analyses. For the
reasons given in Paragraph 11.5.d, the frequencies computed from the

) finite-element models were not used for the design method. The strains
| calculated using Miles' equation have very high values, compared to the

I : test strains. This was expected and is due to using the overall sound

E pressure level rather than the spectrum level as the loal, for the reasons

; 4( given in Section IV.1. The only purpose of gererating these calculated
: strains was to determine if there was a consistent relationship between
f | them and the measured strains.

3. REGRESSION ANALYSIS
Regression analysis is a statistical method for investigating

functional relationships between variables, based vn sample data. It is
particularly suitable when the data are imprecise and there is a need to
determine optimum relationships. 7The basic approach is to use samples of
f datda to calculate an estimate of a proposed relationship and then to

; evaluate the fit uysing statistics such as "*F" and "T."
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The regression analyses performed in this section utilized a modified
muitiple-stepwise regression computer program. Stepwise regression
involves a forward selection procedure for the independent variables, with
the provision for eliminating variables, as in backward elimination
procedures. The prog-am analyzes the relationship between & dependent
variable {measured overiil rms strains) and a set of independent variables
(panel configuration parameters). The independent variables are selected
in order of importance for entering into the regression, based on the
reduction of sums of squares. The user cen averride this feature and
enter the independent variables in any chosen sequence. The program has
six algebraic transformations available, az foliows:

Linear y = a+ b x_ +hx + ..., b x
i1 22 nn
Logy =a+bx
nn
Llogy=a+blog x
n

L]
)]

-
o
=

1y

y=a+blog x
n n

y=a+b/x
nn

where y is the dependent variable and xl, and x2 ... X are the
n
independent variables.

For each variable entered the program computes the mean values, standard
deviaticas and cross-correlation coefficients. For each step in the
regression analysis, the program computes and lists the following:




- et

Sum of Sguares Reduced:

Proportion Reduced:

Cumulative Sum of
Squares Reduced:

Cumulative Proportion
Reduced:

Multiple Correlation
Coefficient:

;4 F-Value:

vy o,
a—

-
Elakae P © 0 mdd

Standard Error of
Estimate:

This ¥s5 an indication of the amount
of points summed around a mean value
1ine for a certain step.

Indication of how well a variable
explains the regression at a certain
step.

Indication of how much the dependent
variable correlates with the indepen-
dent variables entered at that point.

Indication of how well the indepen-
dent variabies explain the regression
at that step.

Indication of how much the dependent
variable correlates with the indepen-
dent variables entered at that point.

A measure of the scattering of values
about the mean accounted for by the
regression. It is used in conjunc-
tion with F~tables to determine the
degree of fit of the regression
equation.

A measure of the dispersion of the
observed points about the regression
equation. 1Tt is in fact the
“standard deviation of the
residuals."”
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Regression
Coefficients:

Standard Error of
Regression

Coefficients:

T-Values:

Table of Residuals:

Durbin-Watson
Statistic:

Von-Neumann's Ratio:

The following is a description of the sequence of regression operations
with examples of compute. nrogram outputs used to develop the rms strain

nomograph in Section IV.5:

The input data were of the form

(.glg.ﬁ_) = F (b, t, R)

Coefficients of the regression
equation.

Indication of the confidence level
for the regraession coefficients.

Ratio of intercept to standard error
of regression coefficient. It is
used in conjunction with T-tables to
determine the accuracy of the corre-
sponding regression coefficient.

Difference between actual and
est.imated values for the dependent

variable.

Test for lack of autocorrelation

between error terms. A bad statistic

is indicative of an independent
variable being omitted.

The ratio of the mean-square

successive difference to the variance.
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where “rms is the overall rms strain from strain gauge 10, i.e.,
! the maximum edge strain. )

. SPL  is the test overall sound pressure level in 1lb/in

| corresponding to the strain value.

is the stringer spacing in inches,

is the skin laminate thickness in thousandths of an

inch, and
R is the radius of curvature in inches.

Table 30 lists the input data in the order (left to right) b, t, R and

E%%é) . At the bottom of the table are the means and standard

deviations of the input data. An expianation of the R = 150 value is ;
1

R —— # wn amam

ok given later in this section.

;6 . The program then computes the cross-correlation coefficients between the
variables, giving the output in the form of a correlation matrix. This is
shown at the top of Table 31, Regression then proceeds with the linear

form of the regression equation: y = a + byx,. Each variable is entered
in turn and a corresponding regression coefficient determined. The
program also computes at each stage the parameters shown on the remainder
J* of Table 31. Three sets of statistics are shown, one for each of the
- independent variables. The bottom set represents the final linear

xl equation, which wmay be wrilten:

——
-ty o,

. - i 2
- g ot

€
(~g—'§-§)= 224.0 + 358.2 b -51.65 t + 11.22R (19)

The program then used this equation to calcuiate a set of estimated vaiues
. € . .
for the dependent variable (NFmg) . The results are shown in Table 32.
SPL
. As can be clearly seen from the percent deviation column, the linear

equation does not have acceptable accuracy. The average deviation is
given as 40 percent.

4
1
;
f

:‘.. 150
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TABLE 30
REGRESSION INPUT DATA

TRANSFURMATION CLODE =
: LINEAR TYPE CUKVE. GUNERAL EGLATIUN FURM 4S Y = A 4+ BX.
: INPUT CARD # ) 8.G00  334.000 15U.000 3%06.800
; INPUT CARD 4 2 8.L00 44,000 120.000 L605.500
; INPUY CAKL # 3 200U  44.030 15C.0Cu 202B.800
3 INPUT CAKL # & ceb0U 44,600 1a0.0vt «FUlL000
; INPFLUT CARD ¥ 3 Bev00 w%eULY  1oULU0U £194.500
5 INPUT CARU # ¢ 8.C00 ©6.300 15G.Uuc 1155%.200
i INPUT CARL ®» 7 LeuUQ 66,000 150.00¢ 1094.200
INCUT CARL # 8 BeUyl  6be0L0  150eUUC 10774800
! INFLT CARD # 2 B8e0U0  66.000 15U LOU 10684100
- INPUT CARD # 10 8.000 60.0L0 150.L0T  945.500
INPLE LARL # 11 BaDOD  LBe0LU  i13usGC., ¥234800C
INFUE CaARL # 1z 44000 44 000 1504000 0364200
: INPUT ARD » 13 4e 00 44,000 124,000 9uve600
-, INPUT LARDL » 1% 400U 44,00V 190400y 9102300
5 ] INPUY CARL # 15 42000 44,000 150.00u 8102500
- - INPUT CARD # 16 4.00C  «+#.00GC 150G.0L0  5b0.000
, ; INPUT CARD # 17 6.00U  4%.00G6 130.G0u 1731.00Q
3 i INPUT CARD » 1& 6.C0L  4%.QU0  150.00C 1I6(5.700
] ! INPUT CARD # 1 0ebOU  #4.ul0  150G.000 1547.800
: . IMPUT Cakis # 20 0000  4%.duu 1200 14920000
3 INPUT CARL & () e GOO w4.0L0 1H00LL JUulT76200
| ! INPUT CARL » 22 beUOU  22.000 130.000 cé4d.800
5 i INPUT CARD # <3 8.G66C  22.000 130.G00 31i11.560
- INPUT CAKL B 24 B.0UO 22.000 150.0UQ 3336.90C
} INPUT CAKD # 25 4-00C  22.000 150.000 19824700
INPUT CARD # 20 8,600 22.00u 130,00 175..700
INPUT CaARL # 27 4.000  22.000 ADL.0CY 15344800
INPUT CARD % 23 4eCULL E2.GC0  120.0C0 lesbecvy
INPLY CARU # 29 b.ULD 44,00V 30.00L 708.9CU
INPUT CARL # 50 0,000  44.00U0 20000 516.900
INPUT CARD # 31 b.UO0 44,000 35.000 527200
INPUT CARD # 32 8000 44,000 W00 4764100
INPUY CARD ¢ 33 5.000 44,000 30,000 529.600
INPUT CARD # 34 8000  44.00u  30.0LU 479.400 |
INPUY CARD # 35 B8oLCL  4%.0UU  bLLLOLC 17238.600
INPUT CARL # 36 3000  «4.00 6ual0U 1786500
i INPUT CARD ¥ 7 beu00 46,000 5U.0C( 1645600
INPUT CARL # 38 8600y 44,00y  60,0CV 15%33,70v
INPUT CARD # 39 beQUO  44.000 bU.OOY 1379460
ANPUT CARD # 40 8000 44.00U ©2.0G0. 1123.900
INPUT CAKRD @ 41 B.000 “4e OUU 9G.000 18654500
INPUT CARL ¥ 4« B8.000  «%4.000  90.00¢ k752,700
. 1 INPUT CARD # 43 Be 000 @44 Uit 40.00C 16054200
B INPUT CARL # 4% beUul “44eQuy 9. U0U 13904500
" ; INPUT CARD # 45 6eC00  60sO0UD  JuelLl JD2e500
; , INPUT CARD & &b Ge(Ll 00000 90000 blba800
. INPUT LARD # &7 0eGOU  66.GLLD  9L.G00 42.4C0
: | INPUT CARD # 48 6.00C 66.0900  9U.u00 667.50
. ‘4 INPUT CARL # 4 CaU00  £6.000 20.000 618.300
. . INPUT CARD # 50 6.000 606,000  $90.000 549,000
¥ INPUT CARD # 51 8.000 22.000 9C.000 3317.:C0
3 K INPUT CARD % o2 24090  22.00LU  9u.CUL 2226.900
| INPUT LARG # >0 8.0 £2.000  90.u0U 27461200
.
‘f
ot
) INPUY CARD # 54 4,000  33.000 50,000 1l86.300
RLA INPUT CARD # 55 4000  533.0 02,000 1172.800
. i 4 INPUT CARD # 56 44000  33.000  &U.U0C 980,300
: R INPUY CARD # 57 4.000 33,000 o0.000 915,200
' ‘ i | INPUT CAKD # 58 4.000 33.00u  6U.CUL 862,500
' INPUT CARL # 59 02200 £aaULu  3UeQCU 17444200
INPUT CARD ¥ &C Be DY Lee0C0  2UQUu 1619.300
¢ INFUT CAKD ® ol 0eUUU  2eeQUU  30.000 10064100
i . INFUT CARD # 62 000  22.060  30.00C 1532.400
’ , VAR LABLE MEAN STANDARD
. N NO. DEVIATION
. , -3 1 6.61290 l.b43c2
% 2 42l 501 19606279
. 4 3 102 «U90T 47,4993
4 4 1556.9560,6 Lu79.09814




TABLE 31

SuM OF SQUARES REDULED
PROPURTION RE

FOR ¢ VARIABLLS ENTERED
MULTIPLE CORKELATIUN COEFFIC1ENT...
(ADJUSTED FOK DoFadeencasonene
F-VALLE FUR ANAL¥S1S OF VARIANCE...
STANCARD ERROK UF ESTIMATE e oacevan
(AUJUSTED FUK OuFedeoevsmocoean

REGRESSION RESULTS FOR LINEAR EQUATION

i,
1 CORRELATION MATRLX (Cs
H
! ROW 1 b t R “SPT.
i 1.G0000 Ca22549 ~0. 13435 0.32089
! ROW o
{ 8-ie349 1.00L00 Delu7b3 ~0.50589
:
| ROM 3
! ~0.13435 0.164783 1.6 CULO 0.3160E
vl ROW 4
i i 0432089 —0.5698Y Je3ivou 1. 00000
| . VARIAGLE ENTERED.aeae Z
N 3
i ! SUM UF_ SUUARES REULULEL IN Th1S STiPee.. Lai7B73B.145
| . PRUPGRTLILN RcDULED IN ThIS STEPeevenwes Gecd0
4 ! CUMULATIVE SUM Lt SUUARES REDUCEUeesses 1317873B.}45
l f LUMULATIVe PROPORTION REDUCEDeevmencone Cu25% UF 710314£0.831
FOR 4 VAKIABLES ENTEREE
MULTREPLE CURKELATION COEFFICRENYea. Oe206
(AOJUSTED FUK UaFaleownoscenns Jesl6
F-VALUE FOR ANALYSLS LF VRRIANGGaee  cUat3?d
STANLARL ERADKR UF cS5V1AATEesevessae 9304562
(ADJUSTILD FUR DeafFedocencsenene 938 4553
VARLALLE RESRC SSION $T0. ERROR LF COMPUTED
NUMSER COEFE TCLENT REGe COEFF, T-VALUE
< -324c 2063041 -12553 ~4.547
INTERCEPT 3129455545833
VARIABLE ENTEREDeweas 1
IN THIS STEPesas

UCEU IN TH1S STLPernsasces

CUMULATIVE SUM UF SGUARES REDUCEUenaceo
CUMULATIVE PRUPGRTIUON KREOUCLEDwsawannaee

1415e91l9%e001
199

32337657746

45> OF 710310c¢0.831

Ve

Vet T
Jvebbt
Z4 2a05%
b0 .63
BloedSe

COMPUTED

: VARIABLE REGRESS1ON STU,. ERRUR G
| NUMBER CUEFFICIENTY REGo CUEFF, T-VALUE
_ H -44.8356883C Teoehuad ~60177
- i 00e9a533129 Che T lh asoho
. ANTERCEPT 1460205000857
|1
7 ’ o VARIABLE ENTEREDwaena 3
L o UM UF SQUARES REDULED_IN THEIS STcPeees L O
z ‘ ;ié BROPURTEON REDUCEBV IR TAY TOFEpS1chssy Roue 8op-0ns
[ CUMULATIVE SUM OF SWUARES REDUCEDeseees %3701 re%ondi
by CUMULATIVE PROPORTION REDUGEDe s onsstet "*5:586  UF 710316<0.831
'
! ) FOR 3 VARIABLES ENTEREU
; MULTIPLE CORRELATION GOEFFILTENT... 0.829
(ADJUSTRED FOR D-Fg'.-utcuncno. Uabel
_ F=VALUE FOR ANALYSEIS uF VARIANCECDT 400351
4 STANDARG ERROK UF ESTIMATEsnsavenny 610 obul
: i (A0JUSTED FOR Defadecoroovenns 630000
. 4
VARIABLE REGRESSION $S{U. LKROR OF QR
' NUMBEK COEFFICIENT REG. CUEFF. (ORCRED
. 2 ~31.056485640 D620, ~9.141
: S v B L 1
» ' - 303 -
: INTERCEPT 224201054015 1202 bu>40
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TABLE 32

TABLE ur RESIOUALS

Y VALUE
35206 B000LY
260553000
82680000
2900.000350
2194 .,500090
1155420000
1094.:.00C0
1692760000
10cbe1CO0Y

P45.50Cuy
823 .,00000
886 +cuCu0
953 .6000Y
916430000
B16.50000
SEC 400000
1731.0000¢
1547 .50000
1li92 + 6000y
1627200600

Oaly4 JECOUD
51114200900
3536 .9000L
IQLG.IOOOU
1Toc . T0000
1534 .20000

4¢0a10G00
2.9 .00000
479.4C00u
THb 600U

¥ -)UU\)O
AT5L«T0CU0
1605 -éOUUJ
139633000
965.50000
8l8.800CC
142 o400
067 .5C0uu
Gloe3udiu
549 .000u
331700l
2226.9C 00y
2746.76000
1iB6 50000
1172 «800UY
Y8J 50000
91).Lu0CJ
B63a.500ua

Y EST1RmATL
3061l
249952213

T83.005%9Q
1030639,
%89 «QouSyu

11935 c004
115557404
1490 0¢ 35
1490.0£551
A9Y0 VDD
levC.d.001
1450.0c551
1490.04551
lbLO.SL«jD
lbio.5c40d
AoceDen38
1lbeb. 5438
“~JLe3HU00
~iba 3 obBOY
-zt ¢ 3Jv0a
—cbe I 3koo
~(be330uB
—«te 33008
6L 93 e
296293122
L9602 923122
0L3e 318640
oéb EYY-LYS
VDl it aus
Do Zludo
625031043

AVERAGE 3 DEVIATION

KELILUAL

=52.06590
=1T77302990
~2295.20590
~390.4€5%90
~7605.,60590
<b(8.87103
1473.57103
~.99.0.8917
~¢eVadiodl

~lB44,0200%
- 370.0260%
~0l0e32664
~6T Tah cDbb
~os2,92004
~0the 126064
L0 DD Tusy
£96.4T7449
155.5%74%y

«3,6744Y
~110.4255)
=356.,1:55])

20.9156¢2
~13.Bs43b
~2¢2ledl2%3B
~4350,02430
¥v1.83868
B55.13866
Te . 13066
693.83668
v+4. L3808
575.3380b
3)#.4007&

cbFeBb3HZ
c38.1b8352

~41a077¢%

| B

DURBIN-WATSUM STATLMTIC i
VUN NtUMANN®S RATIQ 1S

TABLE OF RESIDUALS FOR LINEAR REGRESSION EQUATION

k) DE%AATION

-17.99482)
~24 . 57643
—LneluTY)

~2Te0cudl

=3.00165
=11 20450¢
=152000%
=37 T4 1%
~T5.2%w157
4$.:835
26.806706
~8.95128
=1lla 'y L.l‘_’_“
=.321t52
~43.,53 10
-T8.2087
-50402297
~99,95262
—118.80247
—irl.blude
-140.61882

wy

40,0817
Abeclli¥c
- 10‘?7"5"
27508350

lel2cl9
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The program vrepeats this analysis procedure for eacn of the algebraic
transformations listed above. They can then be compared with each other
and the best one selected. In this case, the best transformation was the
Log-Log form:

logy=a+b Log x
n n

Table 33 gives the mean and standard deviations of the transformed
variables and also the cross-correlation matrix.

Table 34 gives the statistical parameters calculated as each variable is
entered. At the bottom of the table are the coefficients for the final
regression equation:

8 [ad
Log (wg-‘,‘,-‘f> = 3.0806 + 1.1045 Log (b)-1.2069 Log (t) + 0.5519 Log (R) (20)
Where e is in microinches/inch, b is in inches, t is in thousandths

of inches, R is in inches and SPL is in 1b/in2.

This is the eguation used to generate the rms strain nomograph in
Section IV.5.

Table 35 gives the corresponding residuals, showing an average deviation
of 23 percent.

There are many aspects of the regression analysis that can be observed
from the data contained in Tables 30 through 35. The emphasis in this
program is not on the formal statistical tests, but on relating the
regression results to what is known about the data.

Referring to Table 34, it is seen that as each surcessive variable is
entered, the multiple correlation coefficient and F-value increased, while
the standard error decreased. The T-values also increased. If by adding
one of these variables (b, t or R), or an extra variable, the statistics




5 TABLE 33

; CROSS-CORRELATION MATRIX FOR VARIABLES USED IN FINAL
f REGRESSION EQUATION

|
i
i TRANSFORMATIUN CODE = 2

| LOGARITHMIL TYPE (URVE. GENERAL EQUATIUN FORM IS L06 ¥ = A & B{LOG X}.
|

|

]

VARIABLE MEAN STANDARD
NC. DEVIATION
1 0.80486% 012180
, 2 1.59741 0.16212
3 1.94624 0e23581
l ! 4 211062 0.25085
i
]
B
_ | CORRELATION MATRIX t R (;rms)
E ' ROW 1
; ! 1.00UC0 €.23993 -0.14990 0. 26480
B ROW ¢
| 0.23993 1.0UCC0 Celoteo —Ue506220
] ROW 3 .
| ~0.14990 0.15b46 1400000 035886
I ROW 4
! U.26480 05600 0.35486 1.000C0
]
-
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TABLE 34

REGRESSION ANALYSIS RESULTS FOR FINAL REGRESSION EQUATION

VARIABLE ENTEREDeovee 2

SUM UF SGUARES KruULku IN THIS STrPeees 1,213
P"D?GRIIGN REDULED lN 1“15 STLP----..-- 0.3‘0
CUMULATIVE SUM OF SQUARES RELULEDescne ledls
CUMULATIVE PRUPGRTION REDULELmeceasraca U316 OF
FGR 1 VARLABLES ENTERKD .
HU’TIPLt LURRLLAIIJN LutrFlthNY... (-1
Itb FuR L. sses ouaswee 9.36‘
—VALUE FOR ANALYSIS UF VARIANUE e us cTale
STANDARD ERROR UF ESTIMATLeeesvaaue VecQ9
CAGUUSTED FUR Debedanconcnnmes OecOYy
VARIABLE RLLRESSIU S$¥De ERPLW UF CUMPUTED
NUMBER CUEFFICIENI Rtbe LLEFF. T-VALU
P4 ~-0eBLYLINAS 0.16518 ‘D.Lbb
INTCRUEPY 4«55L532512
VARIABLE ENTERtDesess 3
SUM OF SQUARES KewuleD IN TH1IS S1EPases Ue 790
PRUPORTION RLODUCLL IN TH1S SitPacenuvnes Ce?06
CUMULATIVE PRUPORTIUN RECULEDcenwmeenoe 0 22 UF
FOR ¢ VARIABLES eNTeRL
MULTIPLE CORRLLATICN LOFFFICILNT... UeT el
{ALJUSTED FOR DaFeleseocscoces Ca717
F—-VALUE FOR ANALYSLIS OF VARIANCE @ ae 3l e202
STANDARU ERRUK uF E3TIMATEaccevvowe Jaelto
(ADJUSTLED FOK DaFodonecsscenee Vel
VARIAELE RLGRESSICLN $STbe ERRUR OF CUMPUTED
NUMbLER COcFRICTENT KiLre LUtkre T-VALULE
2 —0 «eP8240659¢4 UelalQs ~0.965
3 Cepnuasitl Calld94Y e 04U
INTERUEPT Je8loul9: 6
VAR1ABLE ENTEREDevmss 1
SUM UF SQUARES REDULED IN TH1S STEPeses 1 «GCC
PROPURTIUN REDUCED IN THiS ST:P........ Ua2061
CUMULATIVE SUM UF SQUARES REVDUCkUaseves 3«003
CUMLDLATIVe PROPORTION REDUCEDc s eemmcnes O«78> GF
FOUR 3 VARIABLES ENTERED
MULTIPLE CORRELATIUON COEFFICIUNT ... Uatdd5
(ADJUSTLD +UR Debeleccacnesnses VeulBU
F--VALUEt FOR ANALYSLS LF VAKiANLE . 69 .2b0
SIANUAKD ERRUR UF ESTI1AATLeencsnnas Ualed
(ADJUSTEDL UK DefFaduesessonsnea Ualle
VARIABLL REGRLESSIOUN STle ERRUK OF CUMPUY LD
NUMBLR CObLFFLICIENT ReGe LuLkF. T-VALUL
<l ~-1.20050258 Qe9Ywha —12.112
3 Jeb2l 4332 Celbcul be2Jl
1 1alu45330u Lel1ldcsb bedly
INVTERCEPT 20bU613v1

3.838

4.838

e A D

e




TABLE 35

TABLE OF RESIDUALS FOR FINAL

SELECTIONcseoe 3
TABLE OF RESIDUALS

REGRESSION EQUATION

CASE NU. Y vaLut Y_ESTIMATE KESIDUAL » otVIATIUN
1 3506 00U LD ¢ 792.39504 i1 1.40496 20280
s 206%5.50000 1975. 39640 640410364 ‘-».8901.1
3 2828.80000 1975, 39540 553.40300 « 10880
% 2960.00000 1975, 39040 924.60360 31.88288
5 2194.50000 1975.39040 219. 102360 9.9b6422 :
6 1155.20G000 210.95851 55,3831 .aég H |
7 1094.20000 1210.95230 ~116. 15831 ~1U.8 7006 :
b 1097.60000 1c10. 92531 ~113.15831 -10.30773 ;
9 1068.10C w0 1240.9%83) ~la2.85831 ~13.37499 :
: 10 945 ,50009 1210.9483% ~d65.45631 -28.01%97 ;
; 1) 823.80000 1410.95031 ~337.15431 —-45.99004 i
1z 686.20000 918. L0396 ~32.402396 ~3.66328 !
) 13 90%.60000 918464396 ~9.00396 < ~0.99648 |
’ 14 916.30000 91B.663%6 - 2230390 ~0.25799
! 15 B16.500u0 ¥18.66396 ~10<.16398 -12.51243
16 58G,00000 9ib. 66356 ~338.66396 ~56.39044 ,
\ 17 1731.000C0 1437.62703 292.342951 10.946455 :
1¢ 16G5.70000 O P EE IVES 1608.04097 10.46240 )
19 1047.80000 1437.65i03 11014297 «1l0)0 i
20 1292.60000 1437.65703 ~145.05703 ~1leg¢22ll
21 10).7.20000 1437.64703 ~420.45703 - .%34 5
: 22 .80000 4560403563 168 4. 76417 24473
23 5111.50000 455003383 33 1.ho4l? « 788780
] 24 3356 .90000 4360.03583  —~1.e3.13283 -36.05485
3 1932.7C€000 clev.bhoLy ~137.950.9 ~6.95810
206 17b2.TO00D el eGab65b619 =337 7501y -13+93766
21 1534 .80000 2120.6581Y ~589.,85619 -38.22103
8 1236.20000 2120.05819 ~bBue5819 ~11e54653
29 768.90000 6)2.599¢3 -4 3.69923 ~5,68334%
30 576.90000 Bl2.599.3 ~232e69923 ~40a 85617
a1 527.20000 812.59923 ~235.39923 -54.13491
e 476.10000 6lce9yed 33049923 ~T0.b7047
a3 529.600C0 Bliau99e ~2bceIVILI ~5i. 43041
EYS «79.40000 612.5%923 ~353. xv923 -09.50339
35 173b.40000 119103004 5029796 32.25850
16 1786.90000 1190.30.C% 395,1979¢6 33.3164
37 1645 .60000 A191.30:0% 454029796 eT.0068
38 1533.70600 1191.30kbs 342.39796 22032496
39 1375.6000G0 1191300y 188.29796 13.648T4
4 1153.30000 1l%1a30 04 ~21.4020% -3.24136 .
; 41 1805.50000 199040 b+uc 37%.41598 20.1241% !
} w2, 1752470000 14900 bubo (6. 61398 14.98301
43 1605420000 1490. 00402 115.11598 eiTlnn
| dy 1396 .50000 1490.0840¢ ~+3.284% § ~6.70133
¥ 45 965.5000y b0h. 79345 300.7065 31.14516
4 46 828.60000 bk, 19345 164.00655 - 788
: &7 742 240000 bb4,. 79342 77.6005 1045347
. 48 56150000 ook, FYShd < T0635 TRENETEY
| 49 618.30000 664, 9345 ~40.49345 ~T.51%%6
! 50 549.00000 Lot TYI4S ~115.79345 -c1.G3170
: 5) 3317.20000 3439,73310 ~1c2e5331 =3.09381
' 52 2226.30000 3439.73318  ~1212.83318 —54.46285%
1 e 53 2T45.70000 3439.73310 ~693.03318 ~25%.23140
b 5y 50000 T83. 99490 4050510 g .9511
X 55 1172 .80000 183.99490 338.80510 3. 1418
g 56 980 .30000 183, 99490 19630510 20.04500
* - di,. 9%y dlec -2
1 57 915.20000 183.97490 331.40UN10 kéa33622
\. 58 803450000 133, 99490 T9.50510 20751
R N
Iy
| o
X 59 1744 .2000 1365. 10479 31v.01521 21.73003
{ &0 1o19.§8808 1305, 16479 ¢54.31321 xi.wagg§
) 61 1606.10000 1365, 16419 £4D.9152) 15,0000
' n 62 1232.40000 1365.1b479 167.21521 1C.91i98
f AVERAGE & DEVIATION 1S5 23.08296
. OURBIN-WATSON STABLISTIUC 1S 2.24243
ﬂ VUN NEUMANN'S RATIC IS le 26280

157




. ————

——d T

deteriorated, it would indicate that that variable was unwanted. The
regression would then probably be repeaied with that variable deleted.

The final F-value is used to check the statistical accuracy with which the
regression equation represents the data. Referring to F-tables, for o¢
observations and three independent variables, an F-value of greater than
five corresponds to a better than 1 percent level of significance.
T-values are similariy evaluated. Here a T-value of 2.4 corresponds to a
1 percent level of significance. Although F and T values are important,
it was found that in this program many completely unsatistactory
regression results met high levels of statistical significance.
Consequently, F and T values were not used to evaluate the eftectiveness
of a particular regression analysis, but only to ensure that high levels
of significance were being met. What was found to be desirable was that
the T values for each variable be comparable in magnitude. It, for
example, one variable had ten times the T-value of another variable, it
would follow that the numerical contribution of the variable having the
lower T value tc the estimated value of the dependent variable would be so
small as to render its presence useless.

The tables of residuals provide a good comparison between different
regression equations. Table 3% shows the Log:Lng equation to be a much
more accurate predictor of the test data than the linear equation, whose
residuals are shown in Tahle 32.

Elimination of Outliers

Tables of residuals are often used to reject data points as outliers.

Data points having the Targest percent deviations are rejected and the
regression analysis is repeated. This invariably results in a wore
“"accurate" equation., However, this is a more effective procedure when
cdealing with data about which 1ittle or nothing is known guantitatively,
such as public opinion type surveys. In this program, however, a great
deal is known about the data. In such cases, apparent regression outliers
must be evaluated against the actual test data. An illustration of the
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importance of this is given in Figure 60. The four points a, b, ¢ and d
represent response strain values for four different skin thicknesses. The
line drawn (1) ———- (1) represents a computed regression relationship
showing strain increasing with skin thickness. Based on a tabie of
residuals, data point "d" appeared to be an outlier. Elimination of

point "d" resulted in a new regression line (:) _—=- (:) , which nad
greater statistical accuracy than the first line. Since it is known that
strain decreases with increasing thickness, it can be seen that the
regression analysis resulted in an illogical relationship. In addition,
by removing an outlier on the basis of statistical accuracy, the incorrect
trend of the regression was worsened. By plotting the data prior to
regression, and knowing that strains decrease with increasing skin
thickness, it is obvious that data point "a' is the main outlier and not
point "d". When point a was removed, the new regression line was

(:) -——- (§> » which shows a more reasconable relationship. This example
illustrates the importance of checking data for technical inconsistencies
prior to regression analysis, preferably by grapbical means; and also
demonstrates the danger in allowing statistical decisions to replace
technical ones.

Figures 61, 62 and 63 show graphical representations of measured rms
strains versus stringer spacing, skin thickness and radius of curvature
for each test sound pressure level. The only imposition made on the data
prior to regression was that response strain must increase with increasing
sound pressure level, stringer spacing and radius of curvature; and must
decrease with increasing skin thickness. No prior limitation was placed
on the rate of change. This is a sensibie and practical apyroach when

nnnnn < . + ol s
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are not unusual. Referring to Figure 61, there were no inconsistencies in
the data presented. On Figure 62, however, both panels a (6 pily) and n

(4 ply) had lower strains than panel b {8 ply). In order to determine
whether panel b response was too high or that for panels a and n were too
low, Figures 61 and 63 were referred to. From these graphs, it does not
appear as if the response for panel b was too high. In fact, Figure 63
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indicates that at 1o0 dB, the response for panel b was too Tow. Based on
this observation, referring back to Figure 62, the following data points
were rejected: panel a at 150, 155 and 16C dB; and panel n at 155 and
160 dB. Referring now to Figure 63; panel b at 160 dB was rejected, as
was panel h at 145 and 150. S ne other data points were similarly
rejected, based on comparisons that did not lend themselves to graphical
representation. They were:

: panel g @ 160 dB
; panel i @ 165 dB

) panel j @ 140 dB through 165 dB
2 panel p @ 155 dB
i panel r @ 140 dB

panel s @ 140 dB

There was a tendency for data at 140 dB to be generally inconsistent due
to the Tow response levels, With the possible exception of panel n, the
data points rejected did not interfere with observations regarding the
nonlinearity of the panel responses.

In developing a design method for both flat and curved panels, using
regression analysis, it was necessary to determine a numerical value for
'd the radius of curvature of a “lat panel. Since regression analysis deals
;‘ entirely with numerical values, using a very high value to represent an
infinite radius of curvature must be avoided. Orginally, a value of
e R = 10,000 inches was used, resulting in a very small regression
coefficient for this variable. Since the response differ:nces between the

'igl flat and the R = 90-inch curved panels was much less than between the
) ! y R = 30-inch and the R = 60-inch panels, it seemed likely that a much lower
' ! ‘ number than 10,000 inches would be appropriate. Various numbers were
‘ tried, and also a graphical review of the data was performed. It was
! i determined that R = 150 inches was a satisfactory number to represent the
1 flat panel radius.
#
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NOTE: The following important observation was made during these
regression analyses. The signs (+ or -) of the regression
coefficients of the independent variables were determined within
the computer program, based on the sign of the cross-correlation
coefficient between the independent variables and the dependent
variable. When using a Log function to represent an independent
variable having values of less than unity, the program fails to
take account of the logarithm of the value changing sign. To
overcome this, the vaiues of independent variables were adjusted to
be always greater than unity. In this program, the skin
thicknesses were entered x 10 .

Durbin-Watson Statistic

It will be noticed that the tables of reciduals quote the Durbin-Watson
statistic. In regression analysis it is assumed that the residual errors
are an independent random variable. If the error terms are not
independent, but show serial correlation, this indicates that the best
possible curve fit may not have been obtained. It also means that the F
and T tests may not accurately reflect the true confidence levels of the
regression results. The Durbin-Watson statistic is used to check tor

serial correlation in the error terms. In the regression analyses
pertormed here, the Durbin-Watson statistic indicated that there was some
serial correlation in the error terms. However, this is not criticai for
the regression analysis performed in this section. As mentioned earlier,
the emphasis here was more on uncovering patterns in the data than on
formal tests. The best possible curve fit was sacrificed partially ‘in
order to ensure a technically acceptable result. Also, the F and T values
obtained here were considerably in excess of those values required to
istical accuracy, and therefore, the validity of these

assure good sta

ti
regression rasults is not affected by small changes in their values.

-

. Many regression analyses were performed prior to selecting one for the
) final design methad. Some resulted in unacceptable equations, others
i yielded results that may be used as alternatives to the one chosen here,
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A major effort was made to use nondimensional independent variables, of
the form used in AGARD > nomographs. Regression equations do not usually
balance dimensionally, and therefore, care must be taken if using units

; other inan those used in developing the equations. HNondimensional
paraneters overcome this objection., However, by imposing certain fixed
relationships between variables, the accuracy of the equation usually b

sufters.

3 : Other regression analyses performed included using as an independent
variable rms strains calculated from Mmiles' equation, with the frequency
component estimated from the AGARD nomograph and the static strain

| component computed from the finite-element models. These estimated strain !
! g values are given in Table 28. The following equation was obtained: ‘

i
[ Log ¢ = 0.33+ 0.47 Log ¢  calculated (21)
I- rms rms

The calculated and measured rms strains had a cross-correlation
! coefticient of 0.73 and satisfied the F and T tests. However, the average
? error was 50 percent with maximum errors exceeding 2:1. Table 36 shows

g the residuals.

Since the above regression yielded unacceptable results, the next step was
.4 to regress directly on the frequency and static strain components used in
the preceding regression. The calculated frequency had a cross-
| correlation coefficient of -0.64 with the measured strains. The computed
N static «<trains had a corresponding correlation coefficient of 0.83. The
average error was 32 percent. Table 37 shows the residuals for the

...
o s -

following regression equation: 1

; )
Lo i
. ) o
o e (LE259) 1163 (22)
. 1.001
4
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TABLE 36
TABLE OF RESIDUALS FOR REGRESSION OF MILES' EQUATION

TABLEt OF RESIDUALS

B « —y A——— -

T —,

o

—c—— e
.

A AEA NSNS o ¥ i Derameta 1 a

et

ND « Y VALUE Y EASTIMATE RESAUUAL & LEVLATIUN
1 101l.7000U Y RRCT.Y i 4 =50 26771 =49 .42T46
2 730000 leb o3ty —-49,084 Ty —63.49906
Y 147410000 fob.20661T0 ~19.106670 ~lJ.ggggY
4 265+ BUULV0 217.35712 49 L4k 2 BA -
5 357 .70000 2bke33285 7336715 051080
- 33.50000 96 L2607 =62 65607 ~187.u330U4
7 56 o WOV OV 126 ..Uk TO -09.60476 ~12243¢822
8 101 00000 1ud 37593 -b4%e37593 =63.7
9 17410000 216 .334488 ~42 423483 ~24,25898
10 & 14« 20000 cbs 55085 «35085 ~3,41023
1l 485« LOUO0 31161050 b3 k2564 12:56;%:
i2 24 »30000 23 a U2%%3 “Qal2543 ~3 425
13 « VOO OL 3V 32524 ~J43d5d% ~1 o 084 14
14 48 50000 39.60338 2836 18.21984
15 71600920 5} .8 804y 25. 71960 o 333084
16 153 «60U00L 6799577 [ LN Y PE] 55, 73192
1?7 <7 40000 OV edH3l4 150240676 b3.96393
13 51 « OUGUO 5 a 2963 ~7.02963 ~13. 70359
19 92 « 20000 16 3396Y loe26Ual 1.8439:
24 151 «40LUU 99 79097 51.60L303 «03390
21 2L0000 AJWes4891 L194451409 47473044
Py +»00 10000V 14l.11871 228.98129 «23101
23 595 «4 0000 204230321 370094878 6243273
24 244} 00OCO Yrelanl —40 51047 -T4.8918
25 £8Y% < TUUOL <12 e 884947 T aldlh 51 23.%8630
26 465 ,53000 PR PN EIN ) lbb.46822 U L.05T b2
21 T2060L000 A5 TNTTY 354 .852&1 49, 24399
2b 25 « 10000 90 29825 -0k . 9HB 25 ~251, 19942
Y 730000 Ll T4db0 ~Tleblel bt -~151.03903
30 be 30060 155 o2 3as =T0 23445 =8 o 14525
E}] 33,1000 LU3 o0 TOUS —6Y 27605 —52.3?#
3 L6y 220000 <Ob.169861 ~97.969b1 =58 ,24602
a3 5020000 Llle2 0% ~61.03969 -1l 59500
EY E3+20000 L%40 34250 ~6d o BKR 2 S0 =15.26026
35 142 4uG00 191« 3U0b6 —al«900 “44-%3297
36 210.70000C 25025923 ~39.55923 -18. A
a7 495 .00000 3d5.UlB56 -33.,0185b6 -1l 19273
39 43.,10000 7737475 -34.2747%8 - .533 5
4u b8 « 306000 1ulalaid -32.856803 ~48, 108 38
41 1 0b - QUA0 A3, 32908 -23.52906 —21.62597
4¢ 171930000 113.43843 2 «861 57 Jadb¥le
43 20330000 20T e 3408Y 5).95415 12.3503;
4% 18090000 ltihabbd o 231424 o238
%5 265 480000 242 .83213 22967817 4103
.o 307.00000 317.451063 ~10.45163 ~3 o404
ot 96 .20000 [FTELYEY 4 19-69232 fgo°26ﬁ
48 11250000 L eablbo «33y o2&b 4%
49 €52 TU0UL Lolad2ts9 1¢1.32251 <8630
S5V 50.50000 12458967 -6T.08907 -116.61764
51 92« TULLY lodiadvyUb -T1a19906 —763%23;3
52 141 .20000 214 29T 2 -73.05733 ~-51.
53 201 .50000 280 29657 - TB.T9647 ~39,1049
5% 61« TUGUO TTa0LBLO -12.30816 ~24.8106
55 167 290000 LU0 «6 B0 «21921 g.gg g
56 15960000 13131005 28 <UL 995 17. Yy
X4 265 «4 0000 172 .b226Y Y.u 74731 3o e N b2k
58 445 U0 LD BELT 21931703 SF.2105%
59 N TA0VY 50 .5 669 « 12331
60 149 00000 [ T gg.lbhgb *g s;gug
61 261 .800UL Bo b L2 I 105.28728
62 isdyly o 4 D000 113.3999 331.00007 76-4&260
AVERALE & DEVIATIUN IS 49.%3563)
UURE AN~WAT SON STABLISTIC AS Qe 8999)
VUN MNEUMANN®'S RATIC 1S 0e9)ebb
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TABLE 37

TABLE OF RESIDUALS FOR REGRESSION USING CALCULATED FREQUENCIES
AND STATIC STRAINS

TABLE UF WESLIDUALS

: CASc NO. Y VALUE Y ESTIMATE RL SADUAL X_ULEVIATION
\ 3506 Y0400 90812565 598.17U3% 17.0569%
! 2 2665 .50060 2162010459 50033561 184 77079
: 3 282b =8 0YUO 410216429 003.6354 Q.i?99g
i 4 2900 .0000 Z7165.16459 T34 8354 3.339%
! 5 2194.50000 165.10459 29.33041 %.’Lh 7
i 6 1155.20000 i586.85772 ~431.65772 =37 36649
! 1 109%.20000 1586465772 ~492 26577 —45 2 0244 7
i : b L1097 ~50000 1566005172 ~ 89 05T T —d 0 S4069
L 9 106510000 120682 §< S lo 12172 . 50807
! i 10 45 L 30000 1586485774 541, 3517¢ ~&1 83265
- 11 823.30000 i98b.851F2 ~763.05 -9 .22?2;
' 12 768.900G0 801 .8.:038 -32.9¢ ~4 428
! i3 576.90000 B0k ab 2034 -244.9&038 -38,981 70
i 1% 527.100 bOLl.82030 27472030 -52411922
b ! 15 476.10000 ull.82038 ~325.72038 -6 .4#&&2
; \ 1o 2 29.70000 BUL B3 ~2Tca1d038 =5l 3125
: 17 479 .50000 Ul a8cl38 “320.32038 ~67,22010
. , i8 1750 <60000 Mk o4 9731 614.1Ugb9 «31998
. 19 1750650000 LY & w9731 662 002 69 ab.93£3~
: 20 1645 .60000 L14k o4 9T31 50110269 30.45108
i 21 1553440000 LAk oevT3k 389.20269 25.3zag§
i : 22 1379.60900 1144 44731 235.10269 18. X
; I 23 1133.90000 114k, 49731 9 o4 gga g*3g6
- 24 18 6520000 1452.89788 4L abud A2 22a i
. 25 L1792 . T00UY 4Ll w8948 299.80212 17.10516
H 26 16U 20000 145209100 1524302102 43805
! 27 155620000 L4l L9788 =55 397 ta -«.9335
' 28 886.20000 102%.81169 ~139.01169 -15,7539
29 QU9 . L0000 1025 ,81169 -116.21{69 -12.?;6 kY
; . 30 916439000 1025 .B81149 ~1u09.51169 -11.951 é
4 3] 816.5G000 1025 61169 ~209.31169 - 5.6365
a2 5b0.000Us 1025 .0116Y —~45.01169 6. b6408
i3 1731 ,u0VG0 lug o1 839 52 «82161 3.0515)
3% 1605070000  loiBoliu39 -32 247839 4 oa1382
) 15 1547 ,80W00 LbT8.176239 -13de3i829 —8.35 zg
{ 35 1292 .6 0000 1678 ,17839 -385.578239 ~29.
| a7 LU17£2000Q0 1678 17639 ~660.27839 ~64 98016
H ES 765450000 1010.29191 —b44 79191 ~iye 639
39 BB o8 000N 1010.2919 —xu§.~9*gx ~2}.-898)6
o0 V42 ot LULD LUV .2919 ~26T.89191 ~36.08¢4
41 607 4500U0 1610 ,2919] ~342.79191 <51 35459
42 &1k «30000 101u.29191 ~39L 299191 ~63,39834
3 549« 00000 LUi0.2YL91 4ol u29]9) -sa.oig %
“4 G444 o8 0000 4T elddd3 1655717 25.613
3 45 Bl11e200U 4790222223 321.277T7 6228539
: &is 3336.90000 4T90.22223  ~1453.32223 -43, 7
‘ 1 3317.20000 U590 1943.39410 33. 3
, 44 RESTR NI 1313.80290 453 .094 10 . 9
| w9 2146 . TUUOG 1373.0U5920 1372 09410 4996240
: 50 1%82 . 70000 1564 L0228 L20.67715 2Lk a21T39
- . 51 LT82 . TOUW 1562 ol i £20.07715 12.3 *
- s 52 1534 ,80000 1562 U228% -27.22 X
[ 53 1236.20000 1562 suge s ~345.822 -26.
1} 54 114650000 B4y «3LB0C 322.18198 2153
55 1172 .80009 064 »31302 uu.~u{ ™ .3033;
il 55 400 <% 00U b0k 31802 16.08194 1.5%
i 1 57 w1S .2U00¢ Aealdlbul 50,8198 5955944
| ’i 58 863 50000 bl e 3luuy ~0.8i602 v..ea?s
N
: \
. ]
. 59 1T4a. 807 e g0 ]
\ a0  1o)s: %8880 o0r:50338  Aisdied gi?B
6l 1606. 08 60T 20336 798 2696 &4 k«g
,é 62 1531.«000 807.20336 12519664 ~1.3
. A GE 4 DEVIA 31.9
, VERAGE 4 DEVIATION 1S  31.9194%4
! LURE IN-WATSUM STATASTIC IS L1-31602
ﬂ VUN NEUMANN®S RATEQ IS 1.33760
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This equation also results in major differences from many of the test data
peints, and is not recommended for design use. It is, however,
significantly better than using Miles' equation. It may be used as a
design guide for irregularly shaped structures for which there are no
simple dimensions such as b, t and R; but for which computed static

strains and frequencies are available.

A regression analysis was performed, combining ¢ and f with b, t and R as
0
independent variables. However, the results were no better than using

¢ only b, t and R.

T r—

{
! Effects of Nonlinear Structural Response € s
‘ The regression analyses described thus far have all used (_?ﬁﬂ'> as the

dependent variable. 7This imposes the assumption of linear response.

However, although some paneis show linear response, there was a general

tendency for strains to not quite increase linearly with sound pressure

level. This does nct necessarily mean that the structural reponse is

truly nonlinear. Several test penels had back-to-back strain gauges

F installed, and none detected any in-plane (membrane) strains. There are,

E however, azpecte of conic fatigue testving that can give the appearance of

l nonlinearity, such as "clipping" at high sound [ressur= levels, overall
riael onu fixture motion whicn may not be fully responsive to changing
sound pressure lcvels. toit these reasons, and tecause the degree of

3 rorlincarity was not excessive, the design method proposed in Secticn {V.5

I R VPR S

is based on linear response. However, In order to provide guantitative
' : information on the cegree of nonlinearity, and thereby make an alternative

P design equatian for those who may wich to use it, a regression analysis
~as performed with aoverall sound nress.are Twvel as an indepandent

variabfe. It shouiq be vemenbered Lhiai some of the less stif¥ panels were

not tested at the high sound prascure levels that the stitfer panels were

R

-
T

7 - subyjected tu, and ac a resul:, there will be a slight bias n ihe
w regression e2quation, The bias, however, will be small. Tne following
o d . .

T 4 vquaticn was ohtained:

i g

R )
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Log ¢ = 0.3528 + 1.0458 Log b-1.1241 Log t (23)
rms 3
+ 0.4994 Log R + 0.873 Log (SPL x 107)

3
(SPL was entered times 10 in order to keep its value
above unity and prevent the logarithm fron :hanging sign)

This equation had an average accuracy of 22 percent, slightiy better than
the equation selected for the design nomograph. The residuals are shown
in Table 38. Table 39 shows the corresponding correlation matrix and
statistics for the above cquation. A comparison between Tables 35 and 38
show the nonlinear regression to have significantly lower residuals.
Comparing the cross-correlation matrices for the linear and nonlinear
regressions (Tables 33 and 39) shows much lower corregation between ¢ ..
and the panel dimensions (b, t and R) than belween .%%%%) and the same
panel aimensions. This would indicate that there was significant
correlation between SPL and the panel dimensions. The correlation matrix
in Table 39 ~hows significant correlation between t, R and SPL. 1In fact,
t and R show higher correlation with SPL than with SR L lack of
independence between the "independent" variables is called multi-
collinearity, and is a conditinn of deficient data. The presence of
multicnllinearity dces not necessarily invalidate the regression, but it
is a signal for caution. Performing comparative calculations using the
linear and nonlinear equations indicated that the degree of multi-
collinearity was not excessive. (n order to illustrate the degree of
nonlinearity, the change in sirain due to 6 dB increase in sound pressure
level was found to be times 1.83. The linear eguation would producte a
ratio of fimes 2.

1t should be pointed cut that the nonlinear equation 1s the mcest accurate
representation of fhe test data in this program, and may be quite
xceptable for design use. However, since the degree of nonlincarity was
not high, and :n tnhe interests of some conservatism, the linear equatiun
was used to develop the design nomegraph in Section IV.5.
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TABLE 38

T Y "

TABLE OF RESIDUALS FOR NONLINEAR REGRESSION

I -]
f TARLF OF RESIDUALS
3 CASt NO, Y VALUFE Y ESTVIMATF RESTDLIAL DFv;ATION
: 1 101 TIR000 49 ,38497 1}.31:0. 11.817%8
| 3 7.30000 65,05000 1242400, 15.R4T24
I 3 1;7 nono LUk JURHA QBT 14 26,317195
! 4 ?An. npoon 1T, c3057 AM.B&OL 33,.10694
) [ 18770000 £93,0005% K4 NANLR 7.590312
i & 33«%0000 4] ,€3920 «TeTA020 .éa.&gféo
P 7 S6.90N000 6l 662130 «1)aT76290 v g. 188
R 10lednnao 112, 991&9 =1]1.99119 ~11.R7266
- 9 T4e10000 16,1069 =12.06027 =6.93238
; 10 74020000 3UT.85920 ~33.AG03n -17.278%a2
: 11 429410000 SUwal3eln YOV T w19.7AB13
| 12 2¢430000 c9,1cl3? =h.A21 32 <AD.BRAEAT
1 . 13 IvennNND »n “0h3] alH 4RRT -Aloﬁ{IGR
| . 14 Ab.50000 79, (69473 -31,7R041 wh b K 4§v
) ! 1% 7740000 1J; 40458 =81 AKAER v6Peald s
16 qu 40000 39669 -L3, TINES -61.,8343
' , 17 24740000 359.5¢835 -113: 12836 _.5.3.§%9
! 1R &lenanand 61.1054h 19,38340
! \ 19 GceQN0ND Lk 03963 Ph 1An47 2h.22225
i ¢ 2n 15le4a0n00 ll-,f0915 1h.ﬁ1na5 2580254
: % 21 2edennni 1HS 83K 34 he.1634) S.6ab545
. 7 LoUstn00D 307,3U873 92.79127 3.16202
. : 23 £Q%.40000 50H.€4395 AT.1740K \4.66}33
i ! 24 54.70000 TBr 40800 3.keKa) 68316
: , 25 7nbc+nono 2l 454360 SRALI870n 2035597
i { 26 ARMBNNN0 37K, ETE96 PQ.22204 19.14T14
i | 7 T2U.60000 CepecblbT R, 1741 1 3.64379
: 2R Ph. 70000 1] (DU whafi00ae -32,6048)
i 29 4730000 bo,e0p24p -5,1674R ~10,91432
! 0 A%.32000 ué,33268 ~2,03744 -2.4*1 0
; 3] 12310000 l~g.£~5ﬁa -9.,14%48 Y.Y.) % b
p 3? 1ABe20000 235,2245%5]) 67,0248 -19.R4810
b 37 SU«20000 4H,i8942 2.080%a t.oass%
i 14 RI.KaNN0 uo0,lor6% 3.1121% 3,0908
| 15 14 «ANNN0 15] JYcane 10,4788 T.3150640
i R 2l1Ue70000 17 .304640 Y Y Y Y TN L =3,1630R
: 7 29%.ngno0 EELPE YT VYN bh BARLY -21sR4591
S8 38.00000 ¢2.99719 A, A THY 15,%2790
9 43410000 39,3803 3.7106s 8-63@3%
AN ate 30000 6+ 8VaBT 3,408,410 $,1177
&l 10880000 106,77487 ?.n?q 1 RE13]
A2 179«20000 178 ,20880 7,73 &34
i P 28330000 £9pU0T 2 _Rorar -3.073en
. i 'Yy 18h.9n000 Jul /b3l ‘.llann 24,1759
: . 4% 2D HNNNG 736, Ubk%-p 29, TlaAp 1l.|nh7°
b " ah 37«0nan0 38,7117 -Al.ATI11Y -> .quaa
v . %4 QHha20000 1y9, 80069 -13.848080 w14 oﬂs
aR 112.Annan 162, Y1547 »11%aY -51.356
. 49 PR2eTOCND 3Uy,uv7ns «4BR,307NY =}19.110634
i { 50 sTe50000 aR, bTTOs =11.17744 g}9.¢19°n
: 51 QceTaOND tla de71a AN YSANS «2335104
: L¥S 14kemnnno Ibha17053 -lt,Q7087 -33.2852%
. ‘e L] 201le8n000 3in.L3n0e -10R.838n¢ ~53.,a26508
) I- 84 ALeTauno 44, 07466 15.R2%74 gs.aaaas
. 5% 1nT«QH000 TQ. 491069 1;.Ann11 g.o ;sl
S 15940000 12d,58343 LLASY «l g
e . -1 g7 ?t‘b'ﬁﬂﬂon ?Uﬁ\,bubq3 "\9:"!307 zu‘°° 7
) ! ! R aaSethannd dapl.it2en 11543715 ?3.AR1IB3
g i !‘i
. +
¢ A £
! o
i ] 59 QUL TN f=, €3k l?."’k?l‘ ‘q.-'qg‘q
‘ a0 16%enanol len. 1eHnT 8 7433
Al #61eRA000 Elv.ovaoq 0%0) i
: ] 62 A&AL 400GV 50,7985 q3.6701q zl.ov
f AVEPAGE % NEVIATYAH T& 21.61903
; DU O IN~WATSON STATTCY YR 1€ D ARHTY
i ﬁ VO NEIWMANM®S 04aTTA IS QamM30)
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g TABLE 39
S |
s ] e
L REGRESSION ANALYSIS RESULTS FOR NONLINEAR REGRESSION
i
i
N CORKFL ATION MATHTX
! b t R SPL. € s
P ROGW 1y
\ 1.00000 n,?399a =0,l«v9p -, 03740 n,lel00
b
R' ROW D
i n,2a8cd 1.0000n 0,191866 0.1RT72 -, 18074
| PNw 13
3 -n,14900 N,1%84a 1.5v000 -0, 7001n n,NP567
N 3
I : now 4 R
L i -n,0176Y 0. 1RT2Y -u,<boln 1,00000 n.7907%
. \ Bhw
!. Aytatay ~n, 1 H0PK HeUEShT e 7907w 1,0n000
L. !
b ] varRYARpF ENTEREC, L L. 2
i i SUM OF <OUAKES WERDCED TN THIS STEP, ... 0_aT0
X PROPARYTTINN KFNULFD N THIS STEFeqecasss n,10R
i CHMil BTTVE S OF snUapgs HUIUCENaee. Tea72
H FUHMUPRTTIVF PROPURTION LEDUCH g ee . g auenn hLare  NF
s FOR & VARLARIES FRTiHen
g MULTTRLF CnpktLAT‘ON rULFFICILNT... Ne9S6
i (ANJURTEL FOR D Fylveasrtas, 0.9%4
L F-yar 1iF FUe 8NALYSIS OF VAH!MNCE.-. 1%1,HQ%
i SYANRGDN FROURE AF FSTTMATE seceecasae r.110
i (ANDJUCTED FOR [ fa)sensnn®vacns n.1112
b VAR AR F PFGRUFSS T AN SN, FarOR nF cAMPITED
. NIMUER (orrrltngT <EG, COEFF. TwVALIIF
[y S04 18R «03702 23,889
| 2 —].1960«?72 o.ooaa« <11.RTa
i : 1 1,069, R 04 )122R% R 512
b } N, 4GCHiraKRA 0.058q7 AlART
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Regression analyses were also performed on the test frequencies and the
static strains computed from the finite-element models; against the panel
dimensions b, t and R. It was originally hoped that simplified regression
equations could be developed for frequencies and static strains, which in
turn could be used as inputs to a regression equation for rms strain,
However, the regression equation for vms strain which utilized frequencies
and static strains as inputs was not particularly accurate. In addition,
it was not possible to obtain a satisfactory regression equation for
static strains on the curved panels. For the flat panels only, however, a
regression equation between the computed static strains and the panel
dimensions produced an equation with an average accuracy of 5 percent:

_ (921)(1.4105°)
(1018)*

‘o (24)

Regression analysis on the test frequencies against the panel dimensions
gave satisfactory results, but since the existing AGARD nomograph alsa
gave satisfactory results, there was no point in using a regression
equation in the design method.

4. DESIGN EQUATIONS

Before proceeding with the f'inal design method, it seems useful to
fully describe the regression equation used, and to present those
alternatives that are siable.

The basic design method utilizes overall sound pressure levels rather than
spectrum levels as applied loads. Consequently, it is not necessary to
determine the natural frequency in order to determine rms strain.

Response frequency estimates, however, are required in order to estimate

fatique lives.
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a. Calculation of RMS Strains - Acceptable equations developed in
Section IV.3 follow:

(1)

e L

Equation for rms strain, used to develop the design
ncmograph in Section IV.5 is:
£
Log —E%E = 3.080614 + 1.104533 Log b (20)
-1.206903 Log (10 .t) + 0.551923 Log R

where €rms is in microinches/inch

SPL  is in 1b/in?

b is in inches

t is in inches

R is in inches

and where R = 150 inches for a flat panel, i.e., for
150 < R < =, use 150.

NOTE: (1)

(2)

Because the equation is in Log:Log form, six
significant figures are required in order to
maintain reasonable accuracy.

This equation assumes linear response, i.e.,
6 dB represents a doubling of strain.

Strain levels were quoted rather than stress
leveis in order to allow elastic modulus
values for alternative skin Taminates to be
used in determining stress levels.

A1l Togarithms are to the base 10.

e
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This equation may be written in the form:

(8.3234 x 10710 10(SPL/20) |1.1045 10.5519

- (25)
€rms +1.2069
where SPL is in decibels (dB).
(ii) Nonlinear Response Equation (from equation 23):
(1.394 x 10—8) bl.045§~i0.4994 100.04365.SPL (26)
€rms tl.1241 -

where the variables are defined as in (i) above.

NOTE: This equation is siightly more accurate than (i),
but may be slightly unconservative at very high
sound pressure levels

Effects of Aspect Ratio

In this program, the long side of the individual bays was kept constant at
4* - = 12 inches. The short side varied from 4-inches teo 8-inches, thus the
' aspecl ratio varied from 1.5 to 3. In order to include the effects of
| varying aspect ratio, the stress nomograph in Reference 5 was used. RMS
’ stresses for various aspect ratios were calculated, and the ratio effects
' applied to the strains calculated in this program. Within the levels of
Q accuracy of the AGARD stress nomograph, and alsc considering the
[“ accuracies of the regression equations; there were no significant changes
? in strain response at aspect ratios above 1.5. Based on the combined
! effects of aspect ratio on static strains and frequencies, the dynamic
strains at a/b = 1.5 and a/b =« are within approximately 5 percent of

4

? each other. Consequently, the design nomograph was constructed assuming a
;f common response for all aspect ratios above 1.5. Aspect ratio lines for
!
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a/b = 1.2 and 1.0 were then superimposed based on stress ratios determined
from the AGARD rms stress nomograph.

Effects of J Stiffeners
The static analysis showad that J stiffeners resulted in significantly

lower edge strains, compared to using Z stiffeners. The ratio of J to Z
being 0.71. The measured data gave & corresponding ratio of 0.7 to 0.8
for configuration b. Configuration c did not show any strain reduction
due to the J stiffeners, but it did show a major increase in fatigue life.
Based on these observations, it is recommended that the calculated strains
in this design method be factored by 0.8 when using J stiffeners, This is
believed to be a slightly conservative factor.

b. Calculation of Natural Frequencies - Reference 5 was used to
calculate the fundamental fully-fixed panel freguencies. The eyuations
and nomograph are included in Section IV.5,

This method was derived for typical metals, and assumes typical values for
elastic modulus (E) and material density (p). It is necessary to modify
these values when using composite materials. Graphite/expoxy laminates
have a density of 0.055 1b/in3. The elastic modulus varies with ply
orientation., In this program, elastic modulus values are given in

Tables 2 through 6.

Reference 8 is recommended for use if stiffener properties are to be used,
rather than assuming fully-fixed edges. For flat panels only, Reference 5
contains a simplified method based on Reference 8. However, both the flat
and curved panel equations in Reference 8 lend themselves to programming
on modern desk top computers.
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5. DESIGN METHOD

This section contains a semi-empirical method for estimating rms
! strains and natural frequencies for curved and flat graphite-epoxy skin-
stringer panels, in order to predict their sonic fatigue lives. A random
rms strain versus cycles to failure curve is presented for bonded skin-
stiffener jeints. A worked example is also presented.

The design equatim and corresponding nomograph for rms strain was based
on 7 stiffeners. However, they can be readily factored to allow for the
use of J stiffconers,

a. Estimation of RMS Strain - The RMS strain nomograph is shown
i in Figure 64. It is based on equation 25 from Paragraph IV.4.a:

_ (8.3234 x 10710y 1o(SPL/20) |/ 1.1045 £0.5519 25)

[
rms 6
1.2069

where € = Maximum rms strain at panel edge due to random

acoustic loading (10_ in/in)

SPL = QOverall sound pressure level (dB)

! a = Panel Tength, between longerons {inches)

f q* b = Panel width, between stringers (inches)

t = Skin laminate thickness (inches) (alse given on nomegraph

i | as number of plies)
I iig R = Radius of curvature in *b" direction (inches).

' R = 150 in. is the maximum value to be used in the
: E response equation, and is valid for flat panels and
| ;'3 all R >150 in.
! }

Equation is valid for a/b > 1.5.
For a/b = 1.2, factor equation by x 0.849.
For a/b = 1.0, factor equation by x 0.744.
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b. Estimation of Fully-Fixed Natural Frequency

From Reference 5,

f= VLK (27)
2

where f = frequency of fundamental fully-fixed natural frequency (Hz).

1/2 (28)

vV = (Ey/p) /200,000

where E is the elastic modulus in the "y" direction, i.e.,
"g" direction (]b/inz). Obtained from Tables 2
thrcugh 6 for laminates used in this proaram. For other
Taminates, Reference 12 may be used.

o = density of skin laminate. If expressed in units of
1b/in , it must be divided by 386.4. For graphite-

epoxy laminates,

_ (0.055
0 386,64

K is obtained from Figure 65 for given b, t and R.

b,t and R are defined as in Paragraph IV.5.a, except
that true values are 10 be used for all R, iucluding =

for flat panels.

c. Estimation of Fatigue Life - Estimated sonic fatigue life is
obtained by reading number of cycles to failure {N) from Figure 66 for rms
strain (Enus) calculated in Paragraph IV.5.a. The number of cycles to

. . . . . . N
2 s by the . e
failure is converted to 1ife in hours Ly the relationship (3,60fﬁ§
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d. Calculation Procedure

(1) Estimate rms strain (Erms) from Figure 64 or from
equation 25, for given SPL (dB), b, t and R, (For flat
panels and other R > 150, put R = 150-in.).

If J stiffeners are used, multiply e by 0.8.

rms

(2) Calculate V from equation 28.

(3) Estimate K from Figure 65 for given b, t and R. Use
R = = for flat panels.

(4) Calculate frequency (f) from equation 27.

(5) Estimate number of cycles to failure (N) from Figure 66

for estimated e, from (1).

ms
(6) Convert cycles to failure to fatigue 1ife in hours, using
calculated frequency from (4).

e. MWorked Example - A curved panel is made up from an 8 ply skin
laminate, having a ply orientation of (0,% 42, 90)¢, which corresponds to
t = .044 in. and E‘y = 6.7 x 10% 1b/in.2. The nanel has / section
stiffeners, with bay dimensions of a = 12 in. and b = 8 in. The radius of

curvature is 60 in. The overall sound pressure level is 165 dB.

(i) From Figure 64, the corresponding rms strain Spms = 615
microinches/inch.

(E /o)V/2/200,000, o = =385 = (oo142

(11) v y 386.4

0

6\1/2
6.7 x 10 . .
(“.6‘00“@‘”) /200,000 = 1.086]

{]
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(iv)

NOTE:

In order to determine K from Figure €5, first calculate:

_ 12
a/b = 5 1.5
b2 8t
Rt ~ 60y (. 0047

6
From Figure 65, K = 0.68 x 10 .

From equation 27:

f = V.X,
b

)
1t

(1.0861)(0.68 x 10%)(.044)
?_

i

508 Hz

From Figure 66,
Cycles to failure N = 8 x 10°

for €rmg ~ 615.

L e L N
Fatigue life = TEGOF
= 0,44 hours

The estimated rme strain of 615 1 in./in. corvesponds to
The estimated

n.
to a measured value of

a measured value of 595 n im./i

fregquency of 508 Hz correspond

350 Hz.

%3]

f. Fan Noise as Acoustic Load - The design method presented here

utilizes the overall sound pressure level as the design load. While this

is adequate for the broad-band spectra that typify jet exhaust noise, it

does nct automatically lend itself to designing for the inlet and fan exit
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acoustic spectra that occur due to fan neoise on high bypass ratio engines.
These spectra often have overall sound pressure levels that are dominated
by very high acoustic spectrum levels occurring at the blade passage
frequency and some of its harmonics. 3ince the blade passage frequency
(typically 2-4 KHz) is usually well above the frequency range of interest
for structural reponse (typicaily 50-1,000 Hz), including it in the
overall sound pressure level to be used in this design method may result
in overly conservative designs. In order to deal with this type of
acoustic load it is necessary to eliminate these high frequency peaks, and
develop an estimate for the overall sound pressure level from

50 Hz-1,000 Hz. This can be accomplished in one of the following ways.
(1) If the actual measured acoustic data are available (e.g., on magnetic
tape), reanalyze the data to measure the overall sound pressure level with
a 1,000 Hz cutoff filter applied. (2) If only the acoustic spectrum plot
is available, then sum together in sequence all the significant peaks
between 50 Hz and 1,000 Hz in the following way:

If the difference (in d8) between two peaks is (any bandwidth):

0 1 2 3 4 5 6 7 8 9 110 j>l1o

theri add to
the larger
peak (dB) 3 |2.512.1)1.8y1.5y1.2]11.070.8|0.6|0.5(0.4] O

Example: If there were four peaks with the following levels (dB):

140, 134, 139 and 139, then
\ / \ /
difference = 6 dB difference = 0 dB
add 140 + 1.0 then add 139 + 3
= 141dB = 142 dB
\

difference + 1 dB

add 142 + 2.5

= 144.5 dB

This 144.5 dB is the overall sound pressure level tc be used
as the design 1gad.

184




. s P T w—

. e ——

6. DESIGN METHOD COMPARISONS

Graphite-epoxy skin-stringer structures, of the type evaluated in this
program, are primarily in competition with similarly contigured aluminum
structures for application on both military and civil aircraft,
Cost/weight tradeoffs between graphite and aluminum structures having
comparable sonic fatigue resistance are, therefore, of interest to
potential users of the design method in Section IV.5. In order to prvide
an estimate of the sonic fatigue resistance of graphite relative to
aluminum, comparisons were made between the method in Section IV.5 and
those in References 2 and 5. One difficulty in making these direct
comparisons is that References 2 and 5 utilize acoustic spectrum levels,
whereas Section IV.5 here utilizes overall sound pressure levels, In
order to avercome this, a typical broad band sonic fatigue design load
spectrum was used which had an overall sound pressure level of 157 dB and
a corresponding acoustic spectrum level of 132 dB/Hz in the frequency
range of interest. This 25 dB difference between overall and spectrum
levels is compatible with the acoustic load in this progranm.

The following example problem was used for comparison:

7
10 cycles (using the -50% confidence level
from Reference 2).

Required iife

b=28
a/b = 2
r = .02

Calculate required skin thicknesses.
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The following results were obtained:
Reference 2 - Riveted Aluminum Skin-Stringer: t = .05-1n.
Reference 5 - Riveted Aluminum Skin-Stringer: t = .076-in.
Section IV.5 - Bonded Graphite Skin-Stringer: t = .04l-in.
Paragraph IV.4.a. - Using the nonlinear
response equation: t = .037-in.

‘ Comparisons of sonic fatigue resistance using References 2 and 5 yield
similar results for some configurations and very different results for
others. Where differences ao occur, Reference 5 is the more conservative.

Since the density of graphite is approximately half that of aluminum, the

: potential weight saving of graphite over aluminum for equivalent sonic
’ i fatigue resistance is significantly large. Comparing values generated in
. | this program with those in Reference 2, the weight of graphite is slightly

less than half that of the equivalent aluminum structure.
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SECTION V
CONCLUSIONS

A satisfactory sonic fatigue design method was deveioped for curved and
flat graphite-epoxy skin-stringer panels. The design method is presented
as a self-contained section suitable for application to aircraft
structural design. Design trade-offs with aluminum structures indicated
that graphite offers a 2:1 weight saving over aluminum, for comparable
sonic fatigue resistance.

Analytical results indicated that ply stacking order may have an effect on
sonic fatigue life. However, the effects were not quantified sufficiently
to facilitate the inclusion of this variable in the design method. This
js an area requiring further work.

The finite-element analyses gave good static strain distributions for the
test panel configurations. These computed strains displayed high
statistical correlation with measured dynamic strains. Element grid size
was found to be critically important at panel edges. Representing panel
stiffeners as plates in three-dimensional models resulted in more accurate
computed strains than when representing stiffeners as beams in two-
dimensional models.

The finite-element analyses did not result in satisfactory frequency
estimates for all the t.st panel configurations. On the ttiffer panels,
mode shapes were dominated by motion of the substructure, resulting in low
frequency estimates. Test data contradicted this response behavior. The
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best analytical comparisons with measured frequencies were obtained using

! simple frequency calculations assuming fully-fixed edges.

Adhesive bonding problems encountered during the early stages of test
specimen fabrication demonstrated the importance of assuring good bond and
laminate quality prior to fabricating expensive sonic tatigue test panels.
Shaker testing of small coupons was found to be an excellent method of
evaluating specimen quality. The modes of failure during shaker testing

shawed good correlation with progressive-wave tube failures.

it e il i g

I The sonic fatigue data obtained during the progressive-wave tube tests

! showed good correlation witn variations in panel configuration parameters.

, The data also displayed some inconsistencies, characteristic of sonic
fatigue testing. Sonic fatigue failures were generally observed to cccur
over long periods of time, often cver scveral million cycles. The first

T TN

stiffener-skin joint areas. Isolated fiber failures would continue to
occur until the extent of the skin damage resulted in separation from the
stiffeners. This type of slow progressive failure presents problems in
defining time to failure. The mode of sonic fatique failure was
i . indicative of good gquality structural panels., The fatigue lives of bonded
? ?' and riveted joints were compared. Rivetad joints dispiayed slower rates of

] signs of fatigue damage were fractured skin laminate fibers in the
]

B T —

5, progressive damage.

|
!
!
Iii ST1ight variations in ply orientation did not appear to affect panel }
z ! .42 response or fatigue 1ife. However, it is expected that major variations !
! 1
! {’% in ply orientation would have significant effects. j
P j
| \ J stiffeners were observed to result in significantly longer fatigue lives 1
1: than did Z stiffeners, {
P ",, ;
) i
) | Panel responses showed some degree of nonlinearity, however, back-to-back ‘
. f strain measurement did not reveal any membrane strains. f
i Y
Y1) ,
i ;&
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Muitiple stepwise regression analysis, relating rms strains to panel
configuration parameters, provided the basis for the recommended design
method. Miles' equation d.l not show good correlation with the test data,
Linear and nonlinear equations were developed to predict panel response.
tmphasis was placed on the importance of critically reviewing the test

data prier to regression analysis. The potential hazards of using
regression analysis were discussed in some detail. A design nomograph to
predict rms strains was constructed and presented as part of a sonic fatigue
design method. A worked example was also presented.
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APPENDIX A
FINITE ELEMENT MODELS AND RESULTS

Figures A-1 through A-32 are computer generated plots of the following:

® Finite element models used in the static and dynamic analyses
® Static deflections and stresses for panels b, d and f
¢ Mode shapes for panels b and f
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i Figure A-3,

Figure A-4.

Finite Element Model of 6 x 3 Center Panel - Flat
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Flat 3 x 3 Finite Element Model for Dynamic Analysis

Figure A-19.

Flat 4 x 3 Finite tlement Model for Dynamic Analysis

Figure A~20.
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Figure A-21.
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Figure A-22.




Curved (R=30) 4 x 3 Finite Element Model for Dynamic Analysis

Figure A-23.

60) 6 x 3 Finite Element Model for Dynamic Analysis
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First (Fundamental) Harmonic for Panel b (f; = 171 Hz)
Second Harmonic for Panel b (f2 = 177 Hz)

Figure A-26.

Figure A-25.
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First (Fundamental) Harmonic for Panel f (f1 = 343 Hz)

Figure A-29.

Second Harmonic for Panel f (f? = 463 Hz)

Figure A-30.
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Third Harmonic for Panel f (f3 = 483 Hz)

Figure A-31.
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APPENDIX B
; ENGINEERING DRAWINGS OF TinT STRUCTURES

Figures B-1 through B-3 are engineering drawings for the sonic fatigue
test panels and the shaker test <pecimens. The test panel drawings show
strain gauge locations and their corresponding nunhers. Hercules 3501

graphite/epoxy system was used for the laminates. Stiffener-skin bonds
| utilized the 3M AF147 adhesive,
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APPENDIX C
TEST DATA USED IN THE DEVCLOPMENT OF THE DESIGN METHOD

This section contains acoustic and strain spectra and associated overall
rins levels that are pertinent to the development of the design method.
Figures C-1 through C-7 show microphone spectra for a sine sweep and for
each test acoustic load level. Figures C-8 through C-101 show strain
spectra and their corresponding overall rms sirain levels for strain
gauge number 10 (1ocated at the center of, and normal te, the longest
side of the center bay -~ see Figure B-1). Spectra are shown for sine
sweeps and broadband random acoustic loading from 140 dB up to (in most
cases) 165 dB in 5 dB increments for the following panel configurations:
al, b2, d, f2, g2, h, i, j, k1, 1, n, 0, p, g, v and s.

A1l spectra have an effective filter bandwidth of 2-.16 Hz with an
aliasing fiilter cutoff of 960 Hz. Twenty-second samples were used for

all spectral analysis.
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; PANEL CONFIGURATION: b2
| TRANSDUCER: G10
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- PANEL CONFIGURATION: d

’ TRANSDUCER: G10
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PANEL CONFIGURATION: f2

TRANSDUCER: Gi0
OVERALL R.M.S. LEVEL:

INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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PANEL CONFIGURATION:  f2

TRANSDUCER: G10
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PANEL CONFIGURATION: g2
TRANSDUCER: G10
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PANEL CONFIGURATION: g2
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PANEL CONFIGURATION: h
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